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FOREWO

The work described herein was performed by the General Electric
Company under the sponsorship of the National Aeronautics and Bpace
and Administration under tontract NAS 3-64Tk, The program was con-
ducted during the period of , 196 __ to January, 1972.

Mr. J. Holowach was responsible for the design, instrumentation,
and initial operation of the experiment. Preparation of the apeclifi=-
cations for the purchese of the refractory alley materials and perform=
ance of the quality assurance testing required prior to the release of
the materisl for fadrication were the responsibility of Mr. R. G. Frank.

Megsrs. W. R. Yow g, P. A, Blanz, H. Mann, and C. North con-
tributed to the fabrication aaspects of the program. Mesers. R. B, Hand,
L. E. Dotson, and S. A. Roof were responsible for the purification,
Lendling, and sampling of the alkalli metals used in the loop test.
Messrs. H. Bradley and L. A. Palan performed the chemical analyses. Dr,
T, F. Lyon was responsible for the calibration of the partial pressure
analyzer and the interpretation of the spectra obteined during test
operation., Messrs. T. P. Irwin and A. C. Losekamp inrstrumented the loop
and operated the loop during the 5000=hour test. Mr. Irwin was also
responsible for the disassembly of the loop following test and the prep-
aration of specimens for chemical, metallographic, and mechanical eval-
uation. Mr. G. R. Anderson performed the X-ray diffraction analyses.
Messrs. J. P. Smith and G. P. Brandenburg performed the metallurgical
interpretation and evaluation results.

The program was ~dministered for the General Electric Compeny by
Mr. E. E. Hoffman. .. J. Holowach acted as Program Manager during the
design instrumentation and test initiation phases of this progrem. Mr.
R. W. Harrison acted as Program Mesnager for the test operation phase of
the progrem. Messrs. P. L. Stone and R. L. Davies vere the Technical
Managers for the Nationel Aeronautics and Space Administration.

In keeping with NASA policy, The International System of Units
(S.I. units) are used as the prime units in thie report. However, most
of the measurements were sctuslly made using more customary domestic
engineering units which are included as the secondary units in this
report.
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SUMARY

The effect of 1040°C (1900°F) flowing iithium on ASTAR 811C
(Ta=8WnlHf=0,025C) ABTAR 811CN (Ta-8W-1Re=-.012 C~.012N), W~Mo=Re
alloy 256 (W=25 a/o Re=30 a/o Mo) and on T-111 (Ta=8W-2Hf) clad
uraniun nitride fuel alement specimens was studied in a pumped locp.
The test loop was run for a total of 7500 hours with & scheduled shut-
down at 2500 hours to insert new fuel element spacimens. The purpose
of the test was to determine the suitability of the selected materials
to perform satisfactorily from a chemical compatlbility atandpoint.

The results of the 7500 hour test indicated that no chemical
sttack occurred in the refractory alloys under test and the operating
temperature of the test did not ceuse any significant transfer of
interstitials from the carbon and carbon-nitrogen strengthened tantalum
alloys. The simulated nuclear fuel elements were evaluated at the Lewis
Research and there was no chemical attach noted after the exposure to

lithium.

iz 'The evaluation conducted on the test loop material and the ad-
f vanced refractory alloys included metallographic and chemlcal anelysis
k test. The evaluations revealed no adverse chemical attack.




INTRODUCTION

This report describea the design, fabrication, operation, and
evaluation of a T=1ll alloy, 1040°C (190C*F) pumped=-lithium loop.
The primary purpose of this test program was 1o evaluate, in high=
velocity molten lithium, the long-term corrogion renistance of T=lll=-
clad UN fuel element specimens such as munt be used in & space nuclear
pover system (such as that described in ref. 1). The teat was operated
in two parts. In the initdal 2500 hours of testing, three sound, sim-
ulated fuel element specimens were tested. At the end of this period,
the loop was shut down, and the fuel element test section removed. One
of the original fuel specimens was replaced with another s-und specimen.
Another of the original specimens was replaced with a specimen whic¢h
had a machined-in longitudinal defect €mm long x 0.000Tmm wide (% inch
long % 0.003 inch wide). The loop wae then reassembled and operated
en additional 5000 hours.

In addition to the fuel element specimens, the loop alsc con=-
taine. spe:imen coupcne for posttest tensile evaluation of the re=
fracrtory metal alloys ASTAR 811CN, ASTAR 811C, and W-Re-Mo alloy 256.
‘180, the corrosion test section contalned eylinders of ASTAR 811c,
ASTAR 811CN, and T-111 alloys for evaluation of corrosion reslstance.
All of these specimens were conteined in the loop for the total 7500
hours of operation.

At the completion of the T500 houras'! testing, the loop was dis=
assembled, ell specimens were evaluated, and some of the loop compo=
nents also were evaluated. Most of the evaluation results are des-
cribed in this report. However, the simulated fuel pins were evaluated
at the NASA-Lewis Research Center, and the results of %he evaluation
are described in references 2 and 3.
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LOOP DEBIGN

The prinary teat objective was to detarmine the corrosion re~
siatance of T=1l1lmclad fuel apecimens and several advanced alloys to
pumped high-velacity lithium in e forred=circulation test loop. The
principal design criteria are sunmarized in Table 1.

The loop was designed to cperate for 7500 hours et a maximum
temperature of 10L0SC %1900'?) with s temperature gradient of LO°C
{70°F) in the heat rejection section of the loop. The fuel specimen
test section was designed so that it could be removed from the loop
after the initlal 2500 hours of operation and one of the three fuel
gpecimens could be replaced with a fuel specimen containing a defect
in the cladding. The test section then could be welded back into the
1oop and the test continued for an additicnel 5000 hours.

The loop is illustrated in the isometric drawing, Figure 1, which
showr the relative position and orientation of the principal loop
components., A schematie diagram of the locp at design steady-stare
operating conditions is shown in Figure 2, With the exception of the
Cb~1%r surge tank, the loop was fabricated from T=111l alloy, and it
contained the following test specimensa:

1. Tensile test specimens* (ASTAR 811C, ASTAR 811CN, W-Re-Mo
Alloy 256
(W~25 a/o Re=30 a/o Mo).

2. Corrosion specimens (T-111, ASTAR B11C, ASTAR 811CN).

3, Fuel specimens (T-1ll-clad).
T=lll (Ta-BW-2Hf), ASTAR 811C (Ta-8W=-1Hf-0,025C), ASTAR 811CN
(Ta=8W-1Hf~0,012C~0,012N}

The principal components of the loop and their functions are
described below:

A. ELECTROMAGNETIC PUMP

A helical induction electromegnetic pump with a T=11ll alloy duct
circulated 1iquid lithium at & flow rate of 105 Kg/hr (236 pounds per
hour) at an inlet temperature of 1000°C (1820°F). The duct was wrapped
with Cb=12r foil insulation and enclosed in & stainless steel can which
was welded to & 10 cm (L=inch) diameter port on the vacuum chamber
completing the vacuumetight enclosure around the T=11l alloy duct. The
pump stator was mounted on an overhead trolley that allowed it to slide
over the stainless steel can., The electrical windinge of the stator
were air-cooled by a blower mounted on the stator casing.

B. LITHIUM HEATER
The electrical resistance lithium heater congleted of two sectlions

of .95 cm (0.375=inch) OD x .016 em (0.065-inch) wall T-111 tubing
wound in & 10 om (4einch) diemeter coil. At crch end of the heater and




at 4he center, a 2.54 om (l-inch) diameter section waa butt-weided tao
the tubes &s 8 support and for the sttachment of the electrodea. The
electrodes, which are nnt in cuntact with lithium, were made trom un=
alloyed tantalum. A 20~kw paturnble=ciere reactor with a high=curvent,
stepdown transformer was used to aupply eleetrical powar to the lithium
neater. The heater wan depigned Lo opevate at n llthium exit temperas
ture of 1040°C (1900°F) in steady-state cperation. A 032 om {0,175«
inch) diameter, T=11l alloy rod innert wan welded in esch heater coll
to increase the local 1ithium veloclty to 3m/oec (10 fect per sec),

¢. FUEL BPECIMEN TESY SECTION

A section of tite loop at the exit of the 1ithlum heater vas de=-
signed to contain threc Telll-clad fuel tent wpecimens in neries as
ghown in Figure 3. The fuel specimens are 1.9 cm (0.75 inch) in
diemeter and 4.5 em (1,79 inches) Jong including the end caps. Two
Mo-TZM corrosion epecimens were used to center the fuel specimens in
the test section. The lithium flowed in the annulue formed by the
fuel specimens and the test section housing at a deaign velocity of
1.5 m/sec (5 feet per second). The fuel specimen sectlion was wrapped
with multiple layers of Cb=lir foil to achieve & near=isothermal con-
dition of 10L0O°C (1900°F).

D. TENSILE SPECIMEN TEST SECTION

A section in the top horizontel leg of the locp was degsigned to
contain tensile specimens of three advanced refractory alloya: ASTAR
811C, ASTAR 811CN, and W-Re-Mo Alioy 256. The tensile specimens were
inserted in pairs with a small gap separating each pair. In this
menner the lithium velocity through the gap was 3 m/sec (10 feet per
second) with stagnant lithium in contact with the other surface of
the test specimen, Identical control specimens to those in contact
with lithium were attached to the outer sw face of the test section.
The entire section, including the control specimens, was wrapped with
multiple layers of Cb=1Zr foil to achieve a near=isothermal condition
at 1040°C (1900°F). The control specimens were evaluated in con-
junction with the lithium-exposed specimens t,n separate the thermal
effects from the effects of the alkali metal exposure.

E. CORROSION SPECIMEN TEST SECTTON

A section of the loop was designed to contain tubular specimens
of three refractory alloyse: T=111, ASTAR 811C, and ASTAR 811CN for
posttest corrosion evaluation in a 2,54 em (lefinch) diameter cone
tainer tube. A .95 cm (0.375-inch) tube was located in the center
hole of each corrogion specimen to increase the lithium velocity to
3 m/gsec (10 feet per second). The corrosion specimen test section
also functioned as a heat rejector for the loop, and its effective
radiating area was increased by encloning the 2.54 ¢m {1ieinch) diem=-
eter container tube in & 7.5 cm (3=inch) diameter lithium=filled




Jacket that was open at the bottam to the main loop., Radiation from
the lithium=filled jacket to the vacuum tesat chamber walls provided
for the 40°C (70°F) temperature gradient in the loop.

F,  ELECTROMAGNETIC FLOWMETER

A permanent megnet flowmeter with a flux density of .3 tesla
(3000 gauas) was used to measure the lithium flow rate. The flow
tube was .95 om (0.375=inah) OD by .016 am (0,065=inch) wall T=11l
alloy ture. Ta=lll alley wirao electrodes vere welded to the tubes at
right angles to the magnetic flux field. The EMF output of the
electrodes was monitored continuously during the test to form a per-
manent record of any variations during the entire test period.

The tube and the magnet were partislly shielded by multiple
layera of Cb-1Zr foil to limit the temperature of the maegnet to less
than 480*C (900°F) during operation.
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MATERTALO
A QUALLLY ABSURAHCI FOW T PROCUREMENT I HEFRACTORY METALS

Ihe quality assurance program wun eatobhliched to provide adequate
1dentification and documentation of the gualiity of the rafractory metsl
alloys und cermets used in the ccenstruetion of the hipgh=temparature
alkali metal valves and the assoclated tent facility. ''he majority of
the quality assurance meusures were performed and certified to be within
specification by the materials producer. Check tentn performed by the
General Electric Company, NSP, generslly were limited to chemical anale=
yues of the interstitlal elements, metallopraphic examination, groin slze
and hardness measurements, and visual inspection of the incoming products,

Upon receipt of material from the materials producers, & Material
Control Number (MCN) was assigned to each homogeneous lot of materini.
A homogeneous lot includes all material of the same size, ghape, con-
dition, and finish from one heat of materlal and which has receiv~ he
same processing, has been anneunled in the seme vacuum arneal.ny *Ne 58,
and has been processed in the same manner in all operatt -» 1. which the
proceseing temperatures exceed 260°C (500°F).

B, LITHIUM PROCUREMENT AND PURIFICATION

High-purity lithium was commercially procured fo. the test. The
material was analyzed uvn receipt. It was then subjected to an initial
purification procedure, wherein it wes filtered through & stainless steel
filter having a nominal pore size of 5 microns into a titanium=lined,
stainless steel hot trap containing a zirconium getter tundle. The
lithium was subsequently hot-trapped at 820°C (1500°F) for 100 hcurs.
The principal result of the hot trapping operation was the reduction in
nitrogen concentration of the lithium. ‘The final purification step was
vacuum distillation at 680°C (1250°F), The distillation step reduced
the oxygen and metallic impurity concentrations. The d~’ tls of the
1ithium distillstion and the effect of euch step on the , city have been
deseribed elsewhere (ref 4).

€. PRELIMINARY SCREENING TESTS

The 1040°C (1900°F) pumped lithium loop was originelly envisioned
as a 1425°C (2600°F) Loop; however, changes in scope and interest areas
revised this initiel plan. During the plamning of the 1k20°C (2600°F)
Loop it was generally thought that the T=111 and W=Re-lio Alloy 256 would
withstand the exposure with no problems; however, there was scme concerh
us to what might happen should some slight contamination of the materials
vceur before test exposure. Therefore, preliminary capsule tests were
performed to evaluate the effect of contamination level on subsequent
1ithum exposure. The capsule tests, described in detall in Appendix C,
showed that these materials could be exposed in lithiuvm up to 1420°C
(2600°F) without fear of cacastrophic lithium penetiation.




EBT FACILITY

L I —

A.  VACUUM BYBTEM

The entire loop was contained in a 60 ¢m (2h=inch) diameter
vacuum chamber ~apable of a cold=wall vacuum of 1.3 x 10*? nevtons/
m? (1 x 10~ torp). A 1000-liter=per=second getter-ion pump was
used to meintain the vacuum chamber pressure in the 10~% newtona/m
(10"%-torr) renge during the test. The loop was supported by a
polished steinlese steel structurz using elotted bolts and waghers
to facilitate outgessing of the assembly and eliminate virtual leaks.
The support structure was welded to & 56 2m (22=inch) high center
gpool section used to facilitate both the manufacturing and installa=
tion of the loop. The vacuum chamber was rough-pumped with a turbo-
molecular pump backed by & 15-cfm mechanical forepump.

The vacuum chamber consisted of three sections: the bell jar,
the spool plece in which the loop was supported, and the sump. The
three sections were joined together with flanges utilizing & copper
wire gasket for sealing. Electrical resistance strip heaters were -
attached to the chamber wall to permit continuous bakeout of the chamber
to 260°C (500°F). The chamber was covered with an aluminum shroud which .
thermally insulates the chamber, results in more uniform heating, and
provides maxiumum safety to operating personnel. The chamber had water
cooling channels welded to the wall.

B. CHAMBER PRESSURE AND PARTIAL PRESSURE MEASUREMENT

The vacuum chamber contained & hot filsment ionization geuge and e
mass spectrometer. Reduction of data from these two instrumenis in=
volves a procedure in which the total pressure is obtained from the
ionization gauge reading, corrected for relative concentrations of the
various gas species. The relative concentrations are obtained from the
mass spectrometer.

The hot filament ionizaetion gauges may be used alone to obtain the
approximate total pressure in the chamber, or what is sometimes referred
tc as the "nitrogen equivalent pressures.” The output of the lonization
gauge was fed to a strip chart recorder continuously during the test for
a permanent record of the chamber pressure,

The mass spectrometer used was & 90~degree magnetic sector type
with S5=cm radius of curvature, The ion detector was a 10-stage electron
multiplier. A .3 teela (3-kilogauss) permanent magnet focusses the ion
beam and electrostatic scanning rasults in good pesk separation in the
masa~to=charge range between 2 and 50.

C. HEATER POWER SUPPLY AND CONTRCL SYSTEM

The 1ithium heater power supply consisted of & combined temperature
controller and stepless power regulator system with a stepdown current



tranaformer., The system had continuous power rating of 20 «ve with
4li0=volt, single~phase input. The combined temperature controller
and power regulator included:

1, A manual power adjustment,
2. Automatic set point control,
3, Current limiter control.

Power was supplied to tha2 heater from a silicon=-controlled
rectifier with a stepdown current transformer. Output of the sec-
ondery wae rated at 5 kva and 1000 amperes. The preheater temperature
is controlled by & proportional temperature controller.

D. SAFETY CIRCUITS

The entire system was protected by several safety awitches, inter=
locks, etc. to provide protection against most conceivable malfunctions.
The interlocks served to minimize denger to equipment. Protectlon was
provided by monitoring the following functions:

1. Cooling water to vacuum chamber and feedthroughs,
2. Loop temperatures,

3., EM pump winding tempercture,

Lk, Chember pressure.

Most type malfunctions can he observed by monitoring the preceding.
Zach 1s connected to its own safety system.
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LOOF FABRICATION
All handling, assembly, welding, and cleening were performed to

eatablished GE=NSP procedures as described in the following GE-NSP
gpecifications!

PUAYA20-81 Chemical Cleaning of Columbium, Tantalum, and
Thelr Alloys:

PBAYAL3=81 Welding of Columbium, Tantalum, and Their Alloys
by the Inert Gas Tungsten Arc Frocese;

P10DYAL2 Stresg-Relief Vacuum-Annealing of T-111 (Te-8W-2HT)

Alloy;

P3CYAL6 Leak-Testing Using a Helium iMass Spectrometer Leak
Detector;

P3AYALL Radiographic Inspection;

P1YALT Thermocouple Installation - Refractory Loop Systems

in High-Vacuum Environment.
A, ELECTROMAGNETIC PUMP DUCT

The EM pump duct was assembled from machined T-111 parts. Prior
to inserting the helical duct in the outer wrapper, the .95 cm (3/8~
inch) OD exit line waes welded to the helical duct. The interference
fit between the helical duct and wrapper wae next performed without
incident. The helical duct was immersed in liquid nitrogen to provide
a diametral clearance between it and the outer wrapper which remained
at room temperature. The closure welds on the end cap and connector
were then made. Finel mechining of the outside diameter, completed the
EM pump duet.

B. LITHIUM HEATER

The heater was fabricated by first installing the .3 em (1/8-inch)
diameter rod, to increase the flow rate, intc the .95 em (3/8=inch) OD
x .16 em (0.065 ineh) wall straight tubing., The tubing, with the rod
insert, was then formed into coils and welded to the T=111 end fittings.
The tantalum electrodes had previously heen welded to the end fittinga.
The electrodes were mede from tantalum rather than T-111 since they are
not in contact with lithium durirg the test operation.

¢, PFUEL ELEMENT SPECIMEN TEST SECTION

1., Fuel Element Specimens
The simulated fuel element specimens were fabricated at the NASA-
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Lewis Research Center using the procedures deecribed in reference 2.
Eseh of the five specimens used in this teat consigted of high density
UN pellets clad with T-111. A thin barrier layer of unalloyed tungsten
foil was interposed between the UN and T-111 to prevent any fuel=clad
reactions. The T=11l end caps and clad for the UN fuel pellets were
machined at GE=NSP and then shipped to NASA. Final assembly of the fuel
specimans, welding, and postweld annealing were performed by the NASA.
The end caps and containment tube were designed so that the caps it
inside the tube about one=-quarter inch and butt against a recess on the
1D of the tube. This was done to prevent the end ceps from applying a
compressive load on the fuel specimens during welding shrinkage; in-
stead the loads were supported by the seat in containment tube. The
assembled clad specimens were then shipped to GE-NSP for testing. One
of the specimens (LT-6), used only during the final 5000 hours of test-
ing, contained an EDM-machined longitudinal slot, ,000Tmm {0.003 ineh)
wide x 6mm (0.25 inch) long, to simulate a clad defect.

Radiocgrephs at GE=NSP of the fuel specimens for the initial 2500=
hour test (LT=1, LT=2, LT=3) showed that some of the tungsten dome-shaped
end_ﬂpacers,(ref-a) hed become broken sometime between the assembly at
NASA and .nsertion into the test loop at GE-NSP, presumably due to the
brittle nature of the tungsten. It was decided that the 2500 hours of
testing could be performed without adversely affecting the result;
however, the dome=shaped spacers for the final 5000-hour specimens
(LT=5 and LT=6) were formed from T=-111 rather than tungsten. Radio-
graphs of these specimens at GE~NSP prior to testing showed the apacers
to be intact; however, one of them was dimpled somevhat, presumably
due to & slightly tight fit during essembly.

2. Specimen Housing

Components of the fuel test subassembly are shown in Figure L,
All hardware, including the fuel element cledding, was T=11l1 except
for the Mo-TZM spacers. These spacers served a dual purpose in thet
they alsv were evaluated for their corrosion resistance. The fuel
specimens were interlocking in thet the male end of one specimen fit
into the female end of the other specimen, The interlocking feature
of the fuel specimens and Mo-TZM spacers provided the necessary uni=-
form gep between the fuel specimen and the ID of the containment tube
to produce the required 1.5 m/sec. (5 ft/sec) lithium flow in this
teat section. It also facilitated easy removal of selected specimens
at the end of the first 2500 hours' operation for replacement with a
defectiveaclad specimen. Since the fuel specimens were solld, all
1ithium flow was along the narrow annulus between the specimen and
the containment tube.

This subassembly was situated vertically in the loop, the bottom
cap being welded directly to the heater assembly and the top cap welded
to the tensile section.
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D. TENSILE TEST SPECIMEN SUBASSEMBLY

Components of the tensile specimen aubassembly are shown in Figure
5. AllL materisl, except the specimens, was T=111 alloy. This auh=
assembly conslsted of three individual spectmen holders, each of which
conteined two (except for the W-Re-Mo Alloy 256 .1 em (0.0kO=-inch) thick
coupons held within close=fitting slots on the inalde and two specimens
strapped to the outside flate shown in Figure 3. The W=25Re=30Mo*
coupons were only .05 cm (0,020 inch) thick; therefore, each elot con-
tained two coupons instead of one for a total of four specimens in that
particular specimen holder. The gap between the "ingide" specimens was
controlled to obtain the desired lithium veloeity of 3 m/sec (10 ft/sec)
over one surface of each coupon. The coupons strapped to the outside of
each specimen holder were used as control specimens since they saw the
game thermel history as the inside coupons but were not exposed to
sithium. The holes in the "inside" coupons, as shown in Figure 6, were
for pins to prevent movement during the high-velocity iithium flow.

Final heat treatments of the specimens prior to insertion into the
gpecimens holders were as follows!:

ASTAR 811C - Cold=rolled; heat-treated 1/2 hour at 1980°C (3600°F)
in vacuum;

ASTAR 811CN ~ Recrystallized 1 hour at 1650°C (3000°F) in vacuum;
W-Re-Mo Alloy 256 - 20 minutes at 1400°C (2550°F) in hydrogen.

The sequence of fabrication for the tensile specimen subassembly
wag as follows: (1) insert interior specimen coupons and pins into each
of the three specimen holders, (2) weld the three holders together, and
(3) weld the end fitting and blowdown tube tc “he spec'men holders. The
completed subassembly is shown in Figure 7. The "outeide" specimen cou=
pons were attached after assembly welding of the varicus subcomponents
gnd were included in the postweld anneal.

Fixtures at the top of the end {itting were used to hang the loop
in the support structure during test operation. The blowdown tube was
used to aid removal of lithium at the completion of the test. All
specimen coupons were cut into standard tensile test specimens st the
completion of the 7500 hours of testing for posttest evaluation,

E. CORROSION TEST SPECIMEN SUBASSEMBLY

e e e

All components and specimens for the corrosion test specimen sub=-
assembly are shown in Figure 8. The parte shown were fabricated from

‘_Atomic percent
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‘ T=11l with the exception of the ASTAR 811C und ASTAR 811CN specimens.
P Heat treatments of the specimens bafore loading into the loop were aa
: ' follows:

T=111 = Recrystallizcd 1 hour at 1315°C (2400°F) in vacuum;
ABTAR B811C - Fecrystallized 1 hour at 1650°C (3000°F} in vacuum,

cucled to room temperasture, reheated for 1/2 hour at
1980°C (3600°F) in vacuum;

ASTAR BllCN - Recrystallized 1 hour at 1650°C (3000°F) in vacuum.

Because of raw materisl restrictions for the ASTAR 811CN, it was neces-
sary to make eight disc~shaped pieces and stack these to be equivalent

in length to one of the ASTAR 811C and T-111 specimens. A .05 cm (0.020-
inch) T=111 wire was wound around the center rod (two-inch piteh) to
improve flow characteristics and to aid in meintaining concentricity.
Because of the number of parts involved and the close fits involved, this
: was the moat difficult subassembly to put together. The sequence of

g cperations was as follows:

T e T T R R T TR AT e

a) weld top slignment fixture to center rod,

b) weld bottom alignment fixture to specimen containment tube,

e) spot weld .05 cm (0.020=inch) wire to center rod,

d) slip connector over center rod,

e) s8lip specimens over center rod,

f) insert specimens and center rod assembly into the specimen
containment tube,

g) weld specimen containment assembly to connector,

h) weld connector, end caps, and lithium jacket to complete
assembly as shown in the right helf of Figure 8.

i) finally, the extension tube, fitting, and tubes to the EM pump
and surge tenk were welded.

; Thies subassembly was designed so that the lithium in the annulus between
: : the ID of the specimens and the center rod flows at 3 m/sec (10 ft/sec).
Because of the close fit between the OD of the specimen and the ID of the
containment tube, essentially no flow occurs at this interface. Also,
there wae a .95 cm (3/8=inch) gap between the exit of the corrosion
section (bottom alignment fixture) and the bottom end cap; this allows
the cavity between the OD of the specimen containment tube and the ID of
the Jacket to fil1l with essentially static lithium. The purpose of the
gtatic lithium reservoir was to aid in the heat rejection in this sub=-
assembly to provide the necessary Lo°C (70°F) temperature gradient be=-
tween the lithium entering the corrosion specimen test section and the
lithium exiting.

P. SURGE TANK

Because of its low operating temperamture, the surge tank was the
only portion of the loop fabricated from Cb=l1Zr. The tank shell was
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fabricated initially by seamewelding a piece of rolled plate. The
Cb12r tubing for gas pressurization, draining, and filling were then
welded in place. Finally, the end caps were welded in place to com=
plete this component. The surge tank and related tubing verae postweld
vacuum-annealed for 1 hour at 1200°C (2200°F).

@, FINAL ASSEMBLY OF THE LOOP

The heater, fuel test section, tensile specimer section, and
corrosion specimen section subassemblies were located in their proper
orientation and welded together to form the U=shaped test section por=-
tion of the entire loop. Thia assembly was then postweld annealed in
the vacuum chamber at Stellite Division of the Cubot Corporation,
Kokomo, Indiana. Results of chemical analysis of T-lll teet coupons
heat-treated with the loop are shown in table V-I. The assembly wes
then bolted into the stainless steel support structure. The EM pump
end surge tank were fitted into their proper locations, held in place
with temporary supports, and transferred to che welding chamber. All
final refractory metal welds and postweld anneals were then performed.
These welds were subsequently radiographed end helium mass spectrometer
leakechecked and found to be free of defects. The loop end support
atructure (shown in Figure §) were then mounted on the 60 cm (aﬁ-inuh)

diemeter spool piece and transferred to the jortable laminar flow clean
room faclility.
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LOOP INSTALLATION AND INSTRUMENTATION

A.  THERMAL INSULATION

Thermal insulation coneisting of multiple layers of Ch=lZr foil
was simultaneocusly applied to the loop es the thermocouples were in-
stalled. The foil used on all circular pipe sections was .005 um
(0,002 inch) thick x 1.2 cm (0.5 inch) wide, which had been dimpled by
passing the foil between & hardened steel, coarse-knurled roller working
against e hard plastic sheet. The effective thickness of the foil after
dimpling was between .023 to .030 cm (0,009 to 0.012 inch}. The insu=-
lation was attached by spot welding the foll to the loop and to itself
as succeeding leyers were applied. A minimum number of spot welds were
used to minimize conduction heat losses through the foil. A molybdenum
spot welder electrode was used to avoid contamination of the foll sure
faces with copper, and an argon cover gas was used to protect all welded
areas from oxidation. The entire loop was insulated as described above
except for the corrosion specimen section which is to act as the heat
rejection section of the loop. The outer surface of the 7.5 em (3=inch)
diemeter lithium conteinment tube, which surrounds the tube containing
the corrosion specimens, was grit-blasted with A1203 to produce an
effective emmitance of spproximately O.L,

B. INSTRUMENTATION

All thermocouples installed on the loop were split=-junciion, W=25Re/
W=3Re thermocouples which were insulated with Alp03. The completely
assembled, instrumented, and insulated loop 1s shown in Figure 10. The
thermocouple feedthroughe and cold-junction, reference=temperature com=
pensation have been previously described in detall (ref 5).

¢, INSTALLATION OF THE SPOOL PIECE IN THE TEST FACILITY

At the completion of the preceding steps, the loop was covered with
& protective polyethylene bag and moved from the febrication and assembly
area to the test area. The spool piece and loop were clamped to the
60 cm (2leinch) dismeter vacuwn chamber sump, and all final electrical,
water, and mechanical connectione were made. All thermocouples were
then checked for continuity to the control panel. The complete loop and
vacuum system reedy for enclosure within the bell jar is shown in Figure
11,
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PRETEST OPERATION
A. PUMPDOWN AND BAKEOUT OF THE VACUUM BYSTEM

The bell Jar was located in place on the apon] plece, clamped down,
and pumpdown of the chamber was initiated. Vacuum chamber bakenuts end
the surge tank heater were turned on when the chamber pressure reached
1,3 x 10~% newton/m? (1 x 10~7 torr), and bakeout was allowed to conm
tinue until after the loop was filled with lithium. Prior to filling,
the loop was pressurized with argon to 35 x 10" newtons/m? (50 psig)
and an argon mass scan taken in the vacuum chamber to verify that no
leaks were vresent prior to exposure to lithium.

B. PFILLING THE LOOP WITH LITHIUM

With the spool plece located in place on the vacuum chamber sump,
the necessary stainless steel gas and liquid metal lines were welded
btetween the loop and the liquid metal transfer system. Bakeout and
pumpdown of all loop, fill, end transfer lines was begun immediately.
The lithium used to fill the loop was high-purity, vacuumedistilled, and
hot~trapped of an analysis shown in Table 3.

The filling procedure waes as follows!

a. Hest loop with vacuum chamber bakeout and surge tenk heater
to at least 200°C (LOO°F);

b, BSample lithium from charge pot for oxygen and nitrogen;

e. Fill surge tank with approximately 3500 cc of lithium;

d. Pressurize surge tank to 35 newtons/m* (50 psig), thus
filling the loop with lithium and sllow to circulate 30
minutes;

e, Dump lithium into surge tank;

f. Repeat d and e for a total of three flushes;

g. Sample lithium from surge tank for oxygen and nitrogen
snalyses.

The analyeis of the lithium sample, Table 3, taken from the loop after
flushing indicated 28 ppm oxygen and 2=3 ppm nitrogen, both of which
were well within the sllowable maximum limits.

C. CHECKOUT AND CALIBRATION OF LOOP INSTRUMENTATION

Before bringing the loop to full design operating conditions, the
lithium heater and EM pump power supplies and controllers were checked
out for response and reliability. Also, all safety circuits were checked
out to ascertain that they operated es required, Finally, the thermo=
coupler were checked out at a lowalithium flow rate {low AT in loop) to
verify their calibration. All these operations were performed at &
maximum lithium temperature of 540°%C (1000°F).




17

LOOP OPERATION
A, LOOP STARTUP

The loop was operatad orn manual heater tempsrature control for
the first 100 houre. B8ince only minor powar adjustments were required
during this initiel 100 hours of operation, the heater power was
switched to automatic control and subsequently operated in this mode
for the entire test with less than 5°C (10°F) temperature variation.
During the first 500 hours, the loop experienced several shutdowns,
totaling 55 hours, resulting from safety circuite being activated. The
mejor cause of the shutdowns was the result of voltage instabilities
caused by inclement weather., None of the shutdowns ware caused by loop
instabilities. Two steps were taken to minimize shutdowns in the future,
First, an alarm system was connected with the GE=NSP Secu..ty Headquerters
and was activated when the loop temperature exceeded preset boundaries
during nonregular working hours. Secondly, a LuO-volt, 100=kva con=
stant=voltage trenaformer was connected to the main power supply. After
the installation of the voltuge stabilizer, only two hours' total down
time was encountered and this was caused by temporary electrical out-
ages in facllity power.

B. LOOP PERFORMANCE DURING INITIAL 2500-HOUR TEST

[ e e

1. Loop Temperatures

The loop temperatures remained very stable during the entire 2500-
hour operating period. Figure 12 shows temperatures typlcal of the
2500=hour operation. Unfortunately, & number of the thermocouples on
the heat rejection jacket became inoperative during thias test period;
however, more than sufficient data was obtained from the remeining oper=
ative thermocouples. Subsequent examination at the planned 2500-hour
shutdown showed that failure had occurred because of inadequate allow=
ance for differential thermal expansion between the W/Re thermocouples
and the T=111 jJacket. The defective thermocouples were repaired at that
time and operated satisfactorily during the final 5000 hours of testing
a8 discussed later in this section.

2. Test Chember Environment - Partial Pressure Oas Analysis

The chamber pressure and partial pressure of the varilous gaseous
species in the test chamber during the 2500=hour test period are shown
in Figure 13. During the initial 100 hours, all pressures dropped
rather sharply; this was followed by a somewhat decreased rate ol pres=
sure drop during the next 650 hours, and during the remeinder of the
test there is & general trend for the partial pressure of most gaseous
species t0 be leveling off. Data points are shown only at 250=hour
intervals for clarity; however, residuasl gas analyses are obtained at
least every 24 hours; and the ion gage pressure is monitored continu=
ously. Thie data for the 1040°C (1900°F) Lithium Loop is in good
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agreament with the T~11l lonp data presented elnewhere (ref 5) in that
HE' NQ-CO and Ar are the major gaa apecies present in the chamber,

€.  TERMINATION OF THE 2500«HOLR 1007 TEOT

1. Loop Shutdown

Upon completion of the 2500 hours of testing, the 1ithium was hote
dumped (1000°F) into the surge tank and then immediately dralned intn
the alkaell metel transfer syastem charge pot and a sample taken., The
loop was then pressurized through the blowdewn line to further remove
any lithium, Analysis of the lithium compared to the pretest analysis
is shown in Table 4, The increased nitrogen {s somewhat unusual, espe=
c¢ially in view of the fact that after the 7500=hour test period, the
nitrogen analysls is essentlally the same as the pretest value.

2. Lithium Distillation

After cooling all components to room temperature, the vacuum chamber
bell jJar was removed. Visuel inspection of the loop showed all componentsa
to be in excellent condition. The Cb=1lZr dimpled foil thermal insula=
tion was removed from the fuel specimen test section. Two new layers of
foll were applied and a tungsten resistance furnace placed arcund the
fuel specimen test section; finelly, the bell jar was replaced on the
8pool plece. After evacuating the loop and vacuum chamber, the bakeout
ovens and the surge tank heater were turned on to bring all loop tempera=
tures to & minimum of 200°C (4O0°F). Residual lithium was then distilled
from the fuel test section for eight hours at 1040°C (1900°F) utilizing
the tungsten resistance heater. During distillation, the loop was evac=
uated using the getter<ion pump in the lithium transfer system. After
cooling all components to room temperature, the bell Jar and distilla-
tion furnace were removed, end ell electrical, gas, and liquid metal
lines were disconnected from the spool piece.

D. REMOVAL AND REPLACEMENT OF FUEL ELEMENT TEST SECTION

After completion of the above operations, the loop was moved from
the test area to the welo laboratory. The loop wnd wpuol pleces were
thenh mounted in the motoredriven, rotary weld titure whivh was installed
in an 3 meter {eight=foot) diameter weld chamber. The weld chamber was
then evacuated and backfilled with helium according to GE=-NSP Specifi=-
cation PBAYA13«81, The fuel test sectlion was removed by cutting the loop
with a tubing cutier at locations (l, and (2) , shown 1n Figure 1k, and
the open ends of the loop plugged with expandable cvtoppers pricr to
opening the weld chamber to air. The fuel specimen subassembly was
radiographed to verify.the integrity of the epecimens, and finally & cut
wes mede at location (ﬁ s 8hown in Figure 14 to remove the tuel specia
mens. Visual examination showed all compunents to be in excellent con=
dition, and no traces of lithium were present, indicating the effective=
ness of the 1040°C (1900°F) distilletion. The appearance of the T=llle
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clad fuel specimena and Mo~1iM apacera befopre and ufter the SLO0 0Ly
sithium exposure wus nearly the aame, with some dincaloratiin nf Lhe
Mo=TZM apacers being observed, After removal of the fuel apeoimene
from the housing, they were radiographed to verity their inteprity; r
differance could be seen between the pretent and posttent radioprraphn.

After plckling, the fuel test gection was reuscembled reusing the
pame T=111 end caps and housing. Specimens were inserted in the follow-
ing sequence:

Lithium 1, T=llie=clad fuel element, LT=5: unteated;
Flow 2, Mo=1YM spucer: untested;

3, T=1ll=clad fuel element, LT=2: tested during the
initinl 2500 houra of the 1040°C (1900°F) Lithium
Loop;

L, Mo=TZM spacer: tested during the initiasl 2500 hours
of the 10%0°C (1900°F) Lithium Loop;

5, T=llleclad fuel element, LT=6;: untested contalning
a longitudinel clad defect (planned).

welded back into the lcop at locations (:) and « The loop was then
removed from the weld chamber and fixture and su sequently moved back to
the test area. All thermocouples were repaired; two layers cf CbeliZr
dimpled foil were applied to the fuel test section; and the tungsten re=
sistance heater was reassembled around the fuel teat section. The spool
piece and bell jar were placed on the vacuum chamber sump, and pumpdown
of the chamber was initiated in preparation for the postweld anneal.

The anneal was performed for one hour at 1315°C (2L0OO°F) with & maximum
chamber pressure of 8 x 10™* newtons/m? (6 x 10=% torr). During the
anneal, all vacuum chamber bakeout heaters and the surge tank heater were
turned on to maintain loop temneratures at a minimum of 200°C (LOQ°F).
Also, during the anneal the loop was evacuated through the blowdown line
to prevent pressure buildup by the high temperature. The loop was legk=-
checked before and after the anneal by pressurizing the loop with 35 x
10" newtons/m? (50 psia) argon through the blowdown line while monitor=
{ng the vacuum chamber for argon with the partial pressure gas analyzer.
No ieaks were detected during elther check.

This subassembly was then rewelded at location % {(Fipure 1k) and then

After removal of the annealing furnace, the fuel specimen test
gection was wrapped with Cb=12r dimpled foil,

At the completion of the postweld anhneal on the new fuel specimen
test section, the loop was filled with lithium and gampled as described
elsevhere. Analysis of the lithium indicated 183 and 200 ppm
nitrogen and 132 ppm oxygen. The high nitrogen content cannot be ex-
plained at this time; however, the ASTAR B11CN epecimens and posaibly
the Tellleclad UN fuel specimens could be sources. It should also be
noted that the nitrogen was high (120 ppm) at the completion of the
initial 2500 hours of testing. Based on these facta and with the




concurrence of the NASA Program Manager, it was decided to proceed with
the tesat,

£, LOOP PERFORMANCE DURING THE FINAL 5000 HOURS OF Tl ING

The lithium heater power and MM pump power were pradually Increaned
to bring the loop back to the dewign operating coundition, Aadn, power
rate increases were kept low enough so that the outpanneing rate wan Jow
enough to meintain the chamber preseure below 1.3 % 10™° newtonu/m?

(1 x 107 torr). 1In bringing the loop back to operating conditions, it
was dlscovered that an argon pocket existed at the top of the hest re-
Jection lithium jacket. A review of the situation indlcated that the
presence of the gas pocket would not Jeopardize the test. The lithium
Jacket was included in the design since the loop originally was 1o Dbe
opersted at 1425°C (2600°F). For 1040°C (1900°F) operation, the temper-
ature drop is 40°C (G65°F), even with the gus pocket, as shown in Figure
15, 'This is sufficiently close to the calculated design temperature

drop of 40°C (TO°F); therefore, it was decided, with the concurrence of
the NASA Project Manager, to continue the test for the remmining scheduled
5000 hours without attempting to remove the argon pocket. The test oper=
ated very stably with no indications of gas in the loop itself. Typical
operating conditions afte the restart of the test following the planned
ahutdown to replace the fuel element specimens are shown in Figure 15.
These temperatures agree quite well with the temperatures during the ini=-
tial 2500 hours of testing as shown earlier in Figure VIII.l. The
chamber pressure and partial pressure of the various gaseous species in
the vacuum ¢' oer since the restart are shown in Figure 16 along with
comparable dsue for the initial 2500 hours of testing. No pignificant
differences can be seen for the two test periods. In summary, it can be
said that the test operated very smoothly, trouble-free, and esgentinlly
on design conditions for the entire T7500=hour test period.

F. TERMINATION OF THE FINAL 5000 HOURS OF TESTING

At the completion of the planned 7500=hour test period, the maximum
loop temperature was decremsed to 815°C (1500°F). The vucuum chamber
bakeout heaters, surge tank heater, and alkalj metal transfer system
heaters were turned on to bring all temperatures to 200°C (UOOF) muni-
mum. The surge tank was then evacuated through the gas pressurization
1ine to allow the lithium to drain from the loop into the surge tank.
After the lithium cooled to 5L0°C (1000°F), it was tranaterred to the
alkali metal handling and sampling system by argon pressurization through
the loop blowdown line and opening the valve to the handling syctem. The
valve was closed and the loop agein evacuated., The loup was repres=
surized through the blowdown line and the drain valve opened again; t-his
procedure was repeated until no change was detected on the level probe
in the charge pot, indicating that no further dreinage was occurring.

The loop was finally pressurized with argon to 17 x 10°n/m® (25 psig),
all valves clozed, and electrical power shut off. The analyais of the
1itnium at the completion of the 7500 hours compares quite favorebly to
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the pretest values as shown in Table 5. The reason for the sbnormally
high nitrogen analysis obtained on the lithium during the dchaduled
2500=hour shutdown is not apparent,

Following completion of the lithium analyain, the bell Jar vas
removad and the loop carefully exwmmined., No anomalous or unusual
features ware observed, and all components appeared in good conditien.
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POSTTEST OFERATIONS ]
A.  LITHIUM DISTILLATION

Vacuum distillation was selected s the method of removing residusl
1ithium from the fuel element tect section and the rerrcsion test set=
tion., This procedure was also utilized to remove lithium from the fuel
element test mection following completion of the 2500=hour test as de-
seribed elasewhere. The dimpled foil, thermal insulation was first
removed from the 2.54 em (l=inch) fuel specimen containment tube; two
new layers were then applied and & tungsten resistance furnace placed
around the ftest section.

Becsuse of the many small interstices and the close-fitting parts
in the corro.ion specimen test section, it was also decided that distil= !
istion of this section would facilitate removal of residual lithium during ‘
subsequent ammonia cleaning. A furnace consisting of four 45 em (18-
ineh) long quartz lamps was fabricated and placed around the corroaion
test section.

After installing the furnaces, the bell jar wae replaced and the
chamber evacuated. The two distillation furnaces, the chamber bakeout
heaters, the surge tank heater, and EM gump were turned on to bring all
temperatures to a minimum of 200°C (400°F). The loop was evecuated and
communication to the loop via both the blowdown line and the surge tank
gas pressurization line was verified. The fuel specimen test section was
then heated to 1025°C (1875°F), and the corrosion section was heated to
675%°C (1250°F) for 125 hours. The distillation period was increased from
8 hours, used for the 2500=hour shutdown, to 125 hours to insure as com=
plete a lithium removal as practical from the defect fuel specimen. Once
every 24 hours during the distilletion perlod, the loop wes pressurized
through the blowdown line and condensed lithium drained through the
surge tank drain line.

At the completion of the 125-hour distillation, the loop was pres-
surized with argon to 35 x 10 newtons/m? (50 psig) and the vecuum chamber
monitored with the mass spectrometer to assure that no smell leaks had
developed in the loop during the 7500=hour test. No indications were
detected while the loop wag hot or after cooling sll components to room
temperature.

The bell jar and distillation furnaces were then removed, and all
electrical, gas, and liquid metal lines were disconnected from the spool
plece.

B. DISASSEMBLY OF THE LOOP
After completion of the above operations, the loop was moved from

the test area to the weld laboratory. The locp and spool piece were
then mounted in the motor=driven, rotary weld fixture, installed in the
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eight=foot.diameter, weld chember and the weld chamber was evacuated and
backfilled with helium according to QE-NSP Specification PBAYAL13=-81.

All test sections were removed by cutting with a tubing cutter as de=
seribed below. All connactions were made with stainless steel Swegelok
fittings.

The first cut was made et location (1) in Figure 17. After meking
e cut, an argon line wae atteched to one aide of the cut, and a gas path
through the entire loop circult was verified. The argon line was re-
moved end & valve and cap attached to both sides of the cut to facilitate
subsequent handling and ammonia cleaning.

The heater was then removed by cutting at location (2) in Figure 17.
Expandable rubber stoppers were inserted into the fitting on both sides
of the cut and sealed. The fuel element specimen section was then re-
moved by cutting at location 3, indicated in "igure 17. Again, expand-
able rubber stoppers were inserted into both sides of the cut and sealed.

Finally, the tensile and corrosion test sections were removed as a
unit by cutting the 2.54 em {1-inch) line at location Cﬁ) in Figure 17,
Valves and caps were ettached to both sides of the cut to provide & seal
and to be used during subsequent ammonia cleaning.

The EM pump and surge tank were not removed from the spool plece
gince no posttest evaluation was planned for these components.

C. REMOVAL AND CLEANING OF FUEL ELEMENT TEST SPECIMENS

The fuel element test section, sealed in helium atmosphere, was
transferred to the four=-foot-diameter, vertical weld chember for eage of
handling during final disassembly. The weld chember was eva.uated and
beckfilled with helium during the disassembly. The specimens were ra-
moved by cutting the 2,54 em (l=-inch) OD housing Jjust below the top end
fitting es was done for the 2500-hour shutdown. The three T=1llecliad
fuel specimens and two Mo=TZM specers were then easily slipped from the
housging.

At the time of the fuel section disassembly, there was some concern
that the removal of lithium by reacting with liquid ammonia may intro=-
duce hydrogen in the T=1l1l1l and cause embrittlement; therefore, special
handling and cleaning procedures were devised. This concern has since
been proven to be unwerranted. The three gpecimens were placed in
weighed, sealed, gless, screw=cap bottles and removed from the weld
chember for weighing. Immediately after weighing, the gpecimens were
returned to the weld chamber. Specimen LT=-2 was then removed from the
gesled bottle and cleaned in two consecutive ethanol rinses and dried.
The ethanol rinses and a control were analyzed for lithium by photometry;
no 1ithium was detected in either the rinses or the control sample. The
1imit of detection is 0.1 ug/ml; approximately 50 ml of ethanol was used
for each rinse. Specimen LT-5 was then rinsed in liquid ammonia at -50°C;
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no evidence of reaction with lithium was cbserved. This specimen was
finally rinsed in ethanol and allowed to dry. These two samples (LT~2
and LT=5) were then removed from the weld chember and, for the first
time aince the shutdown, exposed to air., Berause of the built-in clad
defect, specimen LT=6 was never expnsed to air prior to shipment to the
NASA for further evaluation.

D. FINAL CLEANING AND DISASSEMBLY OF THE TENSILE AND CORROSION TEST
SECTIONS

The L-shaped tensile-corrosion subassembly was cleaned by flushing
with liquid ammonie at «50°C a8 shown schematically in Figure 18. The
test section was flushed for one hour; then it was allowed to soak in
nonflowing liquid ammonie for two hours to permit penetration of the
ammonis between ell of the tight-fitting specimens and housing. The
subagsembly was again flushed with liquid ammonie for fifteen minutes,
blown clear with argon, flushed with alcohol, and then finally rinsed
with deionized water.

The hester section of the loop was cleaned in a similar manner ex=-
cept thet no sosking was used. Since no evgluation was scheduled for the
heater, no further work was performed on it.

The tensile specimen coupons were removed from their respective
holders by cutting at the welds joining the three specimen holders and
simply sliding the coupons from the holders. No further cleaning of the
specimens was necessary.

The corrosion specimen test section was disassembled by first re-
moving the 7.5 cm (3-inch) OD Jacket by cutting with a tubing cutter near
the weld at the top of the jacket. Next, the 2,54 em {1-inch) specimen
containment tube was cut with a tubing cutter, also at the top. The
specimens were then slipped from the tube by gently tepping on the OD
with a wood mallet. Some of the specimens were bonded to eech other;
however, they were separated also by tapping with a mallet. The center
rod and swirler wire were eamsily slipped from the ID of the specimens.

No further cleaning of the specimens was neceseary.

gl ettt
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POBTTEST EVALUATION
A. PUEL ELEMENT TEST SPECIMENS
1. Visual Examination

Following removal of the T=lllwuclad fuel elemeut test specimens
from the specimen housing and final cleaning, & visual examination was
performed. The three fuel specimens appeared bright and shiny with no
evidence of any dlscoloration or surface reactions.

2, Weight Measurement

As discussed previously, the three fuel element test specimens ex-
posed during the final 5000 hours of testing were initially placed in
weighed, sealed, glass, screw=-cap bottles end removed from the weld
chamber for weighing prior to cleaning. Following this initial weighing,
the specimens were returned to the weld chamber end specimens LT-2 and
LT-5 subsequently cleaned as described in en earlier section. Following
eleaning, specimens LT-2 and LT-5 were then removed from the weld chamber
and, for the first time since the shutdown, exposed %o air. Because of
the built-in clad defect, specimen LT-6 was never exposed to air. BSpeci-
mens LT~2 and LT=5 were then reweighed. The difference between these
finel weights and the weighte in the sealed helium=f{lled bottles was on
the order of 0.001 gram and is probably due to taring and related problems
rather than any real weight change.

A summary of the pretest and final weights of the fuel specimens
obteined after both the 2500-hour and 7500-hour operation periods is
given in Table 6. In all cases, the weights represent an average of
three consecutive measurements with & meximum spread of + 0.0003 gram.
The balance calibration and zero point are checked at the beginning and
end of each weighing period. Also, an untested spscimen is welghed sat
the seme time as the pre~ and posttest measurements; these values indi=-
cate & reproducibility of + 0.0005 grem in compering pre- end posttest
data.

The weight chunge data for the sound fuel element specimens, LT=1,
LT-2, LT=3, and LT=k, indicate most of the rather emall weight losses
noted occurred during the first 2500 hours of testing., Specimen LT=2,
which wag in the test section during the entire 7500 hours of testing,
exhibited approximately 80 percent of its weight loss in the first 2500
hours of testing. As indicated in Table 6, the defect cled specimen,
LT-6, had an indicated weight loss of 0.0043 gram during the 3000 hours
of exposure based on the difference between the pefore=-test weight of
the specimen and the posttest welght obtained using a tared containment
bottle. Subsequent weight determinations at NASA-Lewis on the specimen
slone following removal from the bottle indicated a weight loss of
0.0133 grem. The latter weight loss 1s cons'dered to be more accurate
because of errors introduced in the weighing of the specimen and bottle
together,
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3. Radiogrephic Examination

Following completion of the initlal 2500 hours of testing and com=
pletion of the final 5000 hours of testing, the specimens were alun
radiographed (LT=6 was contained in a helium-filled, sealed glass hottle
during radiography) to verify the integrity of the tungsten liner and
UN fuel pellets., No signs of degradation or defects were observed due
to the leat exposures.

This completed OE-NSP posttest evaluation of the fuel element speci-
mens., They were then packed for shipment to NASA-Lewis for a more thar=
ough examination. The defect element (LT-6) was packed in doubly con=-
tained, pedded, helium=-filled, sealed glass bottles for shipment to pre=
vent exposure to air.

Further posttest evaluation was performed by Gordon K. Watson of
NASA-Lewis. Results of this evaluastion are reported in references 2 and

3.
B, Mo-T2ZM FUEL ELEMENT SPACERS
1. Visual Examinaetion

Metallographic evaluation of the three Mo-TZM spacers, located be~
tween the fuel specimens, hes been completed. All three exposed gpecimens
and one unexposed control specimen were examined. Specimen LT=1lA was
exposed for a totel of 7500 hours which consisted of 2500- and 5000«~hour
consecutive test periods with a change of fuel element test specimens at
the end of the initial 2500-hour test period. Specimen LT-2A was tested
only during the initial 250C hours. Specimen LT-3A wes tested only
during the final 5000 hours.

Posttest visuel examination of the spacers following the initial
2500 hours of testing indicated that discoloration of the Mo=TZM spacers
had occurred. The spacers were grey in color. Visual examinetion of the
spacers following the final 5000 hours of testing indicated the presence
of the same grey disccloration.

2, Weight Memsurements

The pre- and posttest weights of the Mo-TZM spacers following both
the 2500-hour and 7500=hour operation periods are given in Table 7. Bote
that all three spacers exhibited small weight gains and that the rate of
weight gain wae highest during the first 2500 hours of testing.

The weight gain for the 5000-hour specimen 1s essentially the same
as the 7500-hour specimen indicating that & protective surface film mey
be forming during the lithium exposure.
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3. Chemical Analyais

Chemical analyses were performed on the Mo=-TZM sgacera located be=
tween the fuel element test specimens during the 1040°C (1900°F) Pumped
Lithium Loop Test. The results are presented in Table 8, 0Of signifi-
cance was a Blight increase in nitrogen content of all three specimens
indiceting the discoloration of the surface may be the result of the
formation of a thin nitride surface film., This film will also be dis=-
cussed in the metallographic examination which is to follow.

4. Metallographic Exemination

Typical microstructures of the exposed and unexposed specimens are
shown in Figures 19 through 22. As seen in Figure 19, the pretest speci-
men has & cold-worked structure. The 5000~ and 7500-hour specimenes
Figures 21 and 22 both exhibi® completely recrystallized mierostructures.
Except for some surface recrystallization, the 2500-hour specimen, Figure
20, still shows a cold-worked microstructure. The surface recrystalliza-
tion of the 2500~hour specimen is probebly strain induced from residusl
mechining stresses. Some directionality of the grains can still be seen
in the 5000~ and 7500=hour specimens even though they are completely
recrystallized.

The other significant observation in the metallographic examination
is the presence of a thin, adherent, semicontinuous, nonmetallic~appearing
coating on all three exposed specimens as shown in Figures 20, 21 and 22.
This coating appesred on all surfaces except the ID. During testing sall
surfaces except the ID were in contact with 1.6 m/sec (5 f+/cec) lithium;
the ID wes in direct contact with the T=11ll clad of the fuel specimen.

The thickness of the coating was essentially the same for all three gpeci-
mens 0.0013 = 0.0020 cm (0.0005 - 0,008 inch) regardless of the ex-
posure times.

C. TENSILE SPECIMENS

The top horizontel leg of the loop was designed to contain tensile
coupon apecimens of three advanced refractory alloys: ASTAR 811C, ASTAR
811CN, and We=Re=Mo Alloy 256 for exposure to flowing lithium with e
velocity of approximately 3.3 m/sec (10 ft/sec). Identical control
epecimens to those in contact with lithium were also attached to the
outer surface {vacuun) of the test section to separate the thermal effects
of the alkall metal exposure since they saw the same thermel history as
the inside coupons bhut were not exposed to lithium. Following completion
of the 750C-hour test the tensile test section was removed from the loop,
cleaned, and the specimens removed from the test section as descrihed

reviously. Evaluation of the test specimens included viguel examinge
ion, weight change meesurements, tensile testing, chemicsl analysis,
Metallograrhic examination, and Xe-ray diffraction enalysis.

® A1l specimens were nickel plated prior to metallographic preparation
to minimize rounding of specimen edges during polishing.
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1. Visual Examination

A slight uniform discoloration of the ASTAR 811C and WeReeMo Alloy
256 tensile coupons exposed to lithium was noted, There was no dise
coloration of ASTAR 811CN coupons exposed to lithium or of the ASTAR
811C, ASTAR 811CN, or W-Re=Mo Alloy 256 coupons exposed to vacuum.
Examinations of all specimen coupons at 30X revealed no cracking or sur-
face reactions, other than the discoloration described.

2, Weight Change Measurement

The tensile specimen coupons were weighed to the nearest 0.0001
grem immediately after cleaning and their weights compared with pretest
weights. The results of these weighings are shown in Table 9. The
weights shown ere an average of three individual determinations made on
each specimen. It can be seen in Table 9 that both ASTAR 811C specimen
coupons exposed to lithium and all four W=Re-Mo Alloy 256 specimen coupons
exposed to lithium showed a weight increase following 7500 hours of teste
ing. The ASTAR 811CN specimens exposed to 1ithium showed a small weight
decrease. All specimens exposed to vacuum at the same temperature &s the
specimens exposed to lithium for the 7500=hour test period showed very
small welght decreases.

The weight increases for the ASTAR 811C and the W-Re=Mo Alloy 256
specimens exposed to lithium are consistent with visual exemination since
these specimens showed a slight uniform discoloration. Chemical and
metallographlc were used to characterize these surface films.

3. Tensile Testing

Tensile specimens were machined from the coupons exposed to lithium
and vecuum within the loop and from pretest unexposed coupens. The tensile
specimens were machined at Metcut Research Asscciates, Ine., Cincinnati,
Ohio, to the dimensions given in Figure 23.

All tensile coupon spacimens were in the fully recrystallized con=
dition prior to exposure to the loop test conditions. Those specimens
in the pretest recrystallized conditlon were glven & simulated postweld
anneal of 1 hour at 1315°C (2LOO®F). The posttest specimens had been
annealed for 1 hour at 1315°C (2400°F) during the postweld annealing of
loop components during fabrication, in addition to being exposed to
1ithium at 10L0°C (1900°F) for 7500 hours. This snueal gave the pretest
control specimens the same thermal history as the posttest specimens
prior to their exposure to test conditions. This approach facilitated
a determination of the effect of the lithium and vacuum exposure during
the loop tast on the mechanical propertles of the alloys. The results
of the room temperature tensile tests performed to determine the effects
of the lithium exposure and the vacuum exposure on the ultimate tensile
strength, yield strength, and ductility of the tested alloy specimens
are shown in Table 10.
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The ultimate tenaile and yleld atrengths of the ASTAR 811C alloy
in the peattest condition showed a definlte decrease from their pretest
values, For example, the decreases noted in the 0.2-percent yield
strength were 15 percent for the lithium exposed gpecimen and 10 per=-
cent for the vacuum exposed specimen. The ultimate and yleld atrengths
of the vacuum exposed ASTAR 811C alloy are slightly higher than the
velues obtained on the specimans exposed to lithium indicating possible
effects of lithium exposure on the alloy. It should alsoc be noted that
the ASTAR 811C alloy in the lithium exposed postteat condition showed a
glight discoloration and weight gain during the test. There was little
change noted in the duetility of the ASTAR 811C alloy specimens as &
result of the lithium and vacuum exposures.

The results of the room temperature tensile tests on the ASTAR 811CN
specimens were similar to those cbtained on the ASTAR 811C specimens
deseribed above, however, the decreases in ultimate and yleld strengths
as a result of lithium and vacuum exposures were greater. For example,
the decreases noted in the 0.2-percent yield strength were approximately
25 percent for both the lithium and vacuum exposure specimens. These
results for the 811CN specimen are in reasonable agreement with the 33-
percent decrease in 0.2-percent yield strength (96.0 ksi to 6u.4 ksi)
noted for 811CN tensile specimens exposed to lithium for 3500 hours at
approximately 1135°C (2075°F) in the Valve Test Loop (ref 6). It is of
interest to note that the 811CN alloy exhibited approximately 10 percent
more tensile elongation that the 811C slloy in all conditions. It may be
coneluded from the results on both the 811C and 811CN specimens that the
chenges noted in the room temperature tensile properties are primarily
the result of the thermal treatment and not the lithium exposure.

The ultimate tensile and yield strengths of the W-Re=Mo Alloy 256
specimens in the posttest condition showed a definite decrease from
their pretest values, Unlike the ASTAR alloys, the W-Re=Mo Alloy 256
sL.oved no change in ultimate tensile strength between specimens in the
lithium exposed and vacuum exposed posttest conditions. The yield
strengths of the vacuum exposed W-Re=Mo Alloy 256 specimens are slightly
higher than those of the lithium exposed specimens. There was & slight
reduction in ductility of the W=Re=Mo Alloy 256 specimens in the post-
test conditions as compared with pretest values although there was no
difference in ductility values between the two posttest conditlone.
Coupling the chenges in ultimate tensile strength, ductility, and slight
changes in yield strength of WeRe=Mo Alloy 256 specimens in the two
geparate posttest conditions with the results of pretest values, it is
falt at this time that changes are associated with thermal conditions
rather than lithium exposure.

4, Chemicsl Anelysis

Samples for chemical analysis were removed from the ends of the
tensile specimen coupons and analyzed for oxygen, nitrogen, and hydrogen
by the vacuum fusion technique and for carbon by the combustion conducto=
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metric technique. Samples were otteined in Lhe pretast annealed,* post-
test lithium-exposed,** and posttest vacuum=exposed** conditione., The
results of theae anelynes are presented in Table 11 along with chemical
analyses of pretest recrystallized materinl. In general, little change
in oxygen, nitrogen, hydrogen, or carbon concentration was cbserved as a
result of the one hour at 1316°C (2LCO*F). A slight increase in the
nitrogen concentration of ASTAR B11CN (107 te 130 ppm) and decrease in
the oxygen concentration of the W-Re=Mo alloy (89 to 4O ppm) was noted.
As may be seen in Table 1ll, no differences in hydrogen concentratinn were
noted in any of the test specimens.

The changes in the carbon, nitrogen, and oxygen concentratione of
the specimens as a resuit of the 7500-hour exposure at 2040°C (1900°F) to
flowing lithium and the vacuum environment are glven in Teble 12, The
marked difference in behavior between the ASTAR 811C and B11CN is some=-
whet curprising considering the similar base compositions of the iwo
alloys it

The long=-term exposure to lithium resulted in significant increases
in the carbon concentration in 811C and decresses in the carbon, nitrogen,
and oxygen concentrations of the 811CN specimen. The loss in carbon and
nitrogen noted in the B11CN specimen in this test is in sgreement with
the losses noted on 811CN specimens exposed to flowing lithium at 1120°C
(2050°F) in the Valve Test Loop, (ref 6). The W-Re-Mo Alloy 256 specimen
showed incresses in carbon and nitrogen concentrations as & result of
exposure to lithium, which is slso in egreement with increases in these
elements noted in specimens in the referenced test, (ref 6).

The changes noted in the chemia;ry of the test specimens as & result
of the long=-term exposure to the 107 N/m? (10=% torr) vecuum environment
at 1040°C (1000°F) are also given in Table i2. The changes noted for the
811C and B11CN specimens were similar to those noted as a result of ex-
posure to lithium, l.e., gains in carbon and nitrogen concentration of
the 811C specimen and losses in .“ese elements in “he 811CN specimen.

5. Metallographic Examination

Metellographic examination of the tensile gspecimens after exposure
to the lithium revealed no evidence of corrosion. Examinatiocn of those
specimens exposed to ilhe high=temperature vacuum environment revealed no

» Preteat material given a simulated postweld anneal of 1315°C {240Q0°F)

##  Posttest material given one-hour enneal of 1315%°C (2400°F) during
postweld anneal of test lcop.

#un  pASPAR B11C Specimens: Ta=T.3W=0.98Re=0,86HT,
ASTAR 811CN Specimens: Ta=6.5W-1,03Re-1Hf.
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evidence of surface reactions, Representative photomicrographa of each
gpecimen are shown in Figures 2k through 26,

Exemination of the ASTAR 811C specimens exposed to lithium and
vacuum revealed slight grain growth when compared to the unexposed specl-
mens. No grain growth was observed in the exposed WeRe=Mo Alloy 256
spacimens.

The ASTAR 811CN alloy specimens contained in the loop were inudvert-
ently exposed in the as-rolled condition rather than the recrystallized
condition. Following exposure to the lithium and vacuum et 1040°C (1900°F),
the ASTAR 811CN alloy specimens were found to be partially recrystallized.
Figure 25 shows the pretest and posttest ASTAR 811CN microstructures.

During room temperaiure tensile testing, the exposed ASTAR 811CN
alloy specimens exhibited longitudinal eracking extending from the frac-
ture surfsce. Examples of this type of cracking are shown in Pigure 27.
It is believed that the cracking is associated with induced stresses
introduced during the rolling operation. Since the sheet rpecimens were
in the as-rolled condition prior to exposure, it 1s probeble that the
residusl stress remained in the partially recrystallized specimens after
the 5000-hour exposure &t 1040°C (1900°F) to contribute to this type of
fracture. As necking occurs the stress is built in the region of maximum
atrain near the surface of the specimen and is relieved during fracture
by propagation of the longitudinal erack.

Additionsl metallographic examination of the 1ithiun-exposed ASTAR
21C alloy test specimen revealed the presence of the surface film., This
fil1m is believed to be Ta,C, detected by X-ray diffraction of the speel-
men eurface. No surface film or reaction areas were obaserved on the
lithiun-exposed WeRe=Mo Alloy 256 specimens. As indicated earlier, X-ray
diffraction of the surface of this alloy showed the prasence of the
complex compound (Mo-W)Ec.

6. X-rey Diffraction Analysis

X-ray diffraction analysis on tensile specimens exposed to lithium
within the loop indlcated the presence of the complex compound (Mo=W)oC
on the surface of the W=Re-=Mo Alloy 256 and single-phase TasC on the surs
face of the ASTAR 811C alloy. The presence of the carbides is in good
egreement with the previously reported weight gains and discoloretions
noted on these alloys. Chemical snelyses of these two slloys also showed
en increase in carbon interstitial concentration. There was no seccnd
phase detected by X-ray diffraction analyt.s of the ASTAR 811CN alloy.

D. CORROSION SPECIMENS
As deseribed previously a vertical section of the loop was decigned

to contsin tubular corroeion specimens of the three advanced tantalum
refractory alloys: Te1l1l, ASTAR 811C and ASTAR 8110N for posttest
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corrosion evaluation in & leineh diameter container tube, The rcorrosian
apecimens were exposed to {lowing 1ithium with a veloeity nf approximately
3,3 m/ase (10 ft/aec). The flow was directed through the annulus formed
by the corrosion specimens and the center rod. The O awrtaces were Jn
contact with essentially stegnant 1ithium during the test. Fvaluation of
the corrosion test specimens included visuel examination, weight change
messurements, chemical analysis, metallographlic examination snd X=ray
diffraction analysis.

1. Visual Examinatlion

The appearance of the corrosion gpecimen fest sectlon specimens
tefore test end following test revealed that the ASTAR 811C and 811CN
specimens had a definite gold-colored surface posdibly due to the f{urma=-
tion of & thin nitride film. No discoloration of the T=11ll specimers was
noted.

2. Weight Change Measurement

Teble 13 lists the weight changes for the corrcsion test specimens
arranged in the order of the specimens positlon in the test section. All
gpecimens showed significant welght gains with the exception of the Telll
specimens, Not all the apecimens vere of the same length and, therefore,
the weight change per unit of ID surface area which is given in Table 13
is the best measure of weight change. The weight gaine per unit of ID
ares were slightly larger in the lower temperature regions of the test
section near the lithium exit. It is surprising that the 811C specimens
ghowed significantly larger weight gains than the 811CN specimens when
one considers the similarity in the base composition of the two alloys.
The T-11l specimen from the top of the test section showed s very slight
weight loss while the specimen from near the lithium exit exhibited &
very small weight gain.

3. Chemical Analysiu

Samples for chemical analysis were removed from the corresicn test
specimens and analyzed for cxygen, nitrogen, and hydrogen by the vacuum
funion technigue and for carbon by the combustion conductometric tech=
nique. Semples were obtained in the pretest annenled and posttest
1ithium exposed conditions. The results of these analyses are presented
in Teble 1k.

In general the ASTAR 811CN specimens chowed en increase in carbon
concentration in the cooler portions of the gpecimen housing and in=
creases in nitrogen and oxygen concentrations, ASTAR 811C allcy speci=-
mens showed & somewhat differen® behavior with regard to carbon cufi=
centration, when compared with the ASTAR B11CN alloy specimens

The carbon concentration of the ASTAR B11C alloys decrensed while
there was an increase in nitrogen and oxygen concentrations. The T=111
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alloy specimens showed an increase ip carben and oxygen concentrations
but little change in nitrogen concentration.

I the chemical analyses of the ABTAR B11C and ASTAR 811CN alley
tansile specimens are compared with the chemicoel snulyses of the ASTAR
811C and ASTAR 811CN alloy corresion specimens indication of interatitial
movement is noted, The carhon concentration of the ASTAR B11C mipgrates
from the cooler area of the loop to the hotter wrea while the carbon
concentration of the ASTAR 811CN migrates from the hotter area of the
loop to the cocler area.

4. Metallographic Examination

Semples were removed from the corrosion specimens for metallographic
examination. Metallogrephic examination of the corrosion specimens re=-
vealed no avidence of corrosion. Representative photomicrographs of each
specimen are shown in Figures 28 through 30. There was no evidence of a
built=-up surfece reaction on either the ID or OD of the specimens ex=-
posed to flowing or stagnant lithium respectively.

5. X=ray Diffraction Analysis

Corrosion specimen rings of lithium exposed T-111, ASTAR 811, and
ASTAR 811CN alloys were sectioned and flattened so that on X=ray dif=
fraction analysis could be performed on the inside diameter surface of
the specimens. There was no second phase detected by the use of Xaray
diffraction analysis on the surface of the T~lll alloy specimen. Single=
phase HFC was detected on the surface of the ASTAR 811C and ASTAR 811iCN
alloy specimens. Chemical analyels of the ASTAR B11CN elloy specimens
showed an increase in carbon interstitial concentration. It should be
noted, however, that chemical analysis of the ASTAR 811C elloy specimens
showed a decrease in the carbon interstitial concentration, indicating
a loss of the carbide strengthening element.

E. LOOP COMPONENTS
1., Visual Exemination

The major loop components {fuel element test section, tensile
specimen coupon holder and corropion specimen test gection) were secw=
ticned, cleaned, and visually examined. Visual examination of these
sections, revealed nothing of an unusual nature. Following removal of
the heat rejection jJacket from the corrosion specimen test section a
resction zone was observed in the area of the lithiumeargon interface
region discuseed previously. This reaction zone wes evident by & dif=-
fe; ance in the surfece appearance of the tube.

2. Chemical Analysile

Chemical anslyses (C, O, N, H) were performed on specimens cut from
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the fuel specimen housing and corresion specimen housing portions cf the
lonp,  Samples were aslected near the fnlel portion2 of tha fuel specle
men and porvoaion specimen housings and from the liguidepas interface
region of the corroalon apecimen housing., Woth of these romprnente Were
tabricated feom Palll allsy tubing.  The analyse: of these components
uwfter the 7500 hour exposure to flowing lithium ie compared with the pre=
test unexposed analyses in Table )5. Generally changrn in inmtarstitiad
roncentrations were slight and their significnnce te difficult to deters
mine, The only larpge incrense waa the interatitial oxypen connentration
of tne corrosion housing tubing at the location of the }ithiumeargon
interfuce, This incremse is not surprising due 1, the presenie oI the
argon £os posket for 5000 hours. Generally speaking, however, chemicul
consentration chenges of the 7=111 alloy tubing were slight and no
detrimental effects due to the lithium exposure were chserved.

3. Metsllographic Examination

Sections were removed from the fuel element and corresion specimen
housings for metallographie examination. BSections were removed from the
1.0" OD T=111 Alloy fuel element housing tubing in the lithium inlet and
ijithium exit reglons. No evidence of corrosinn was observed, hcwever,
the smount of second phase precipitate observed was greater in the lithium
inlet section. Representative photomicrographs are shown in Figure 3%,

Sections were removed from the lithium inlet and lithium-argon
interface regions of the 1.0" OD T=11l Alloy corrosion specimen housing.
Again no corrosion was observed but massive second phase precipltation
was present. Representative photomicrographs from the two regions ex=
amined are presented in Figures 32 and 33. The eecond phase precipitate
was present near the surface of both the ID and OD cf the tubing, s&s
ghown in Figure 33, which were both essentially exposed to stagnant
1ithium. As shown in Figure 34 there was a surface reaction zone present
which was observable in the as polished condition but was lost following
etrhing and identification was not poasible.

L, Bend Testing

In addition to the planned posttest evaluaticn of the 10L0°C
(1900°F) pumped lithium loop, & number of T=111 Alloy tubing segmenta
were removed from the fuel element and corrosion epecimen housings &nd
flattened to qualitatively measure their ductility.

Tnitially, the specimens were prepared by cvtting approximately
1.2 cm (0.5«inch) rings from the containment tubing with & tubing cutter.
The specimens were the. ground flet on metallogrephic pcrlishing paper
through 600=grit silicen carbide using water as the lubricant. Generally
about .1 em (0.05 inch) was removed during this operation. The fine-
polished flat surface was desirable for observatlon of crack initiation
and propagation. The I.D. edges were lightly filed with a Jeweler's
file to smooth the burr from the cutting operation.
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t: Virtually all s mples prepared in this manner cracked in an extremely
= brittle manner aftev negligible deformation (less then .05 em, 0.020-

5; ineh), To eliminate this brittle behavior twoc operations proved suc=-

=, cepsful, Bpecimens prepared Ly wet poliashing were given a one hour anneal
- at 1040°C (1900°F) in vacuum and aubsequently flattened. The 1040°C

(1900°F) anneal restored ductility t¢ the apecimena, Secendly, it wan
found that specimens would deform in a ductile manner if the cut sur=
foces were hand filed with a "bastard", half round, cross cut file rather
than polished. Representative photographs of bent fuel element housing
ringe are shown in Figure 35. A bent corrosion specimen housing ring is
ghown in Figure 3., To fully understand this brittle-ductile behavior
pattern of T=l11l A} .oy tubing material additional evaluation needs to be
performed.

The results of a study of this behavior conducted at Lewis Reasearch
Center (ref 7) has sttributed this behavior to hydrogen embrittlement
gusceptability resulting from a grain boundary sensitivity existing in
T=-111 after aging.
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SUMMARY OF RESULTS

The purpcse of this study was to svaluate the possible corrosion
effects occurring in & flowing lithium loop containing the refractory
metals and nuclear fuel materials that might be present in a lithium-
cooled, space power resctor loop operating ab 1040°C (1900°F).

Based upon the results of T500 hours of loop operation, the fol-
lowing swmmarizes the principle results and the conclusions drewn.

(1) There was no significant corroesion effects on or caused by
the T=1ll=clad UN fuel specimens in the lithium loop. This is true for
both the sound fuel element specimens and the defected fuel element
specimens where UN was exposed to the flowing lithium stream.

(2) .here was & loss in the tensile strength of the tantalum and
tungsten alloy specimens which were exposed to the high-temperature locp
conditione. Based on the comparison of room temperature tensile proper-
ties of materisls exposed to vacuum and lithium, it must be concluded
that the loss in strength is from thermel effects rather than the lithium
exposure, Future work in this area would require that high-temperature
creep testing be done on exposed materials to determine the full extent
of the effect of high temperature lithium and vacuum exposure on the
long-term performance of the materials.

(3) The evaluation of the T500-hour test loop components revealed
no significant corrosion in the system. Based upon these test results,
it 48 concluded that the materials combination tested as representative
of a lithiumecooled reactor system should be compatible with the lithium
environment .

Al intebniinh
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APPENDIX A

Lithiun Capsule Teste of Tantalum and Tungsten Allay Sheat Specimens

As was discussed elsewhere in the text, the 1040°C (1900°F) Lithium
Loop was originally scheduled for 1425°C (2600°F) operation; however,
change in NASA goals, etc. revised the operating conditions and ohjectives
of the test. For 1425°C (2600°F) operation, there was eome apprehension
a8 to the effects of contamination fabrication on the subsequent lithium
exposure of the alloys being considered. The processing history of
typical specimens indicated thal some contemination of the specimens
might occur prior to exposure in the loop, and for this reason, it was
desmed advissble to evaluste typical specimens in 1425°C (2600°F) iso=-
thermal lithium capsule tests of 100 hours' duration.

The conditions of the various sheet specimens prior to exposure to
lithium are listed below:

T=111l, as=-received.

Tw1ll, as-received plus autoclaving for 3 hours at 1750°C (3180°F)
in 6.8 x 107 N/m? (10,000 psig) helium plus 3 hours at 1425°C
(1600°F) in 1.b x 10% N/m® (200 psig) helium.

W=30Re-30Mo, (a) powder process product sheet, ag=fabricated.

We30Re=30Mo, Powder process product sheet, as=-fabricated plus auto=
elaving for 3 hours at 1750°C (3180°F) in 6.8 x
107 N/m? (10,000 psig) helium.

W=-30Re=30Mo, arc cast product sheet, as-fabricated.

W=30Re=-30Mo, arc cast product sheet, as-febricated plus autoclaving
for 3 hours at 1750°C (3180°F) in 6.8 x 107 N/m?
(10,000 psig) helium.

Two T=111 alloy capsules, measuring 2.54% cm (1.0-inch) diameter x
.25 om (0.10=inch) wall thickness x 14 em (5.5=inch) length, were used
to test the specimens listed above. The two T-11l alloy sheet specimens
were placed in one of these capsules and the four W=30Re=-30Mo allcy sheet
specimens were placed in the other capsule. Lithium used to pertially
£111 theee capsules was purified by hot-gettering with zirconium sheet
for 240 hours at 815°C (1500°F). Samples of lithium taken during the
£filling operation were analyzed and found to contein 12 ppm nitrogen.
Both the capsule filling and electron beam welding gealing techniques
were performed in a 10° N/m? (10~% torr) vacuum environment.

{a)

Atomic percent.
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The filled capsules were wrapped with Cb«1Z%r foil and heated Jor
100 hours at 1425°C (2600°F) in a Brew vacuum furnaece at a pressure of
less than 1.3 x 107! N/m? (1 x 10=% tore), Following completion of the
test, the capsules were opened in an inert atmosphere chamber, and the
lithium was melted and drained from the capsules. Residual lithium was
removed from the tungsten alloy specimens by distillation while the
T-1ll specimens were cleaned by dissolution of the residual lithium in
liquid ammonia. Welght change, chemical analysis, metallographic exami-
netion, and microhardness surveys were used in the evaluation of the six
test specimens.

The pretest and posttest eppearance of the T-11l sheet specimens
is illustrated in Figure 37. Chemical analysis and weight change in-
formation on the T=111 specimens in given in Table 16. A total of three
analyses at two different laboratories were performed for most of the
elements listed. The principal changes noted as a result of the 100-
hour exposure to the lithium were the significant welght loss and
oxygen concentration decrease in the sheet specimen which was autoclaved
and heat treated prior to exposure. Apprcximetely 80 percent of the
total weight loss noted is attributed to the phenominal decrease in
oxygen concentration. Previous investigators have noted substantial
leaching of oxygen from unalloyed columbium end tantalum by lithium (ref
8), but never with gettered alloys, such as T=-11ll conteining 2% hafnium,
to the extent noted in this experiment. The relative high temperature
of this experiment compered to most of the other test results which have
been reported is thought to be the major factor responsible for the
nearly total deoxidation cbserved in the current experiment.

The metallographic appearance of cross sections of the T-111 sheet
specimen which was heat treated before exposure to lithium in & Talll
capsule for 100 hours at 2600°F is shown in Figure 38. The gross oxygen
contamination of the T=111 sheet is readily epparent as evidenced by
the sbundance of both grain boundary and bulk precipitate, which is
assumed to be hafnium oxide particles. Lithium exposure caused a sub=
stential reduction in the amount of oxide precipitate in the structure.
The surface regions are particularly void of precipitate suggesting that
a slight oxygen gradient still exists in the aheet specimen despite the
full-section oxygen concentration of only 2k ppm. Diamond Pyramid
Hardness (DPH) surveys were performed on specimen crouss sections before
and after exposure and indicated no detectable hardness gradient in the
specimens., It is interesting to note that the sheet specimen was
slightly harder following lithium exposure (and deoxidation) than before
test. No corrosion of the specimen surface could be detected.

The chemical analyses of the powder product and arc cast product
W=30Re=30Mo (e/o) sheet before and following exposure to lithium for 100
hours at 2600°F are given in Table 17. No significant changee in con=
centrations of oxygen, nitrogen, hydrogen, or carbon were detected. The
GE=NMPO carbon analyses, which are considerably lower than the GE=-SPPS
carbon numbers, are considered to be the more accurate of the two sets
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of values. Unfortunately, there was inaufficient sample to obtain poste
test GE~NMPU carbon values, The poaitive weight changes listed are
attributed in large measure to surface contamination during the vacuum
distillation operation used to remove residual lithium from the speci=
mena. (Dissolution in liquid ammonia has been adopted as the standard
¢leaning procedure for alkall metal test specimens., )

The metallographic appearance of the autoclaved W=30Re-30Mo sheet
specimens before eand following exposure to lithiwn is shown in Figures 39
aend 40. Powder product sheet specimens of the alloy sre presented in
Figure 39 and show the fine-grained structure typical of the alloy pre=
pared by this method. Exemination of the surfacm of the tested specimen
vevesled no evidence of corrosion. The grain bou '~ry particles evident
in the microstructure of the tested specimens 1s siwne phase which devel-
oped a3 & result of the thermsl exposure of the corrosion test. Micro=
structures of sutoclaved aend tested sheet specimens prepared from arc
cast alloy are illustrated in Flgure 40 and again nco evidenie of cor=-
rosion was observed. The grain size of the arc cast product sheet is
quite a bit larger than the powder product materials shown in Figure 39
and the structure is considerably cleaner. Again, a considerable amount
of sigma phase developed as a result of the thermal treatment during the
corrosion test.

The capsule test results described above indicate that T=111l and
W=30Re=30Mo (a/0) sgecimene of the type described above can be placed
in the 1k25°C (2600°F) Lithium Loop without fear of catastrophic lithium
penetration.
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APPENDIX B
Flowmeter Calibraticn
The flowmeter wae calibrated by making an energy halance across
the lithium heater aud plotting this calculated rate ae & functien ot
millivolts output at different EM pump power levels.
The flow rate is calculated from the fullowing reletionship.

(Q; - Q)

W =
(CP) (TT-Tb)

x 3414

where W = flow rate (pounds per hour);

e A LT T T e e T R e AT T e T e T e e T

Qw = heater power input (kilowetts),

QHL = heat losses (estimated) (Kilowatts);

¢ = sgpecific heat of lithium at operating temperature
P (Btu per pound per °F);
T = heater exit temperature (°F);

T = heater inlet temperature (°F);
3414 = conversion from Btu per hour to kw.

This celculation is repeated for a number of heater power levels,
EM pump power levels, and Al's to yield & gufficient number of points
to obtain the plot shown in Figure hl,
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TABLE 1

LITHIUM LOOP DESIGN OPERATING CONDITIONS

Primary Loop Conatruction Material
Coolant
Flow Rate
Velocity
Heater
Fuel Section
Tensile Test Section
Corrosion Specimen Section
Internal Pressure
Maximum Temperature
Temperature Drop in Heat Rejector

Power Input

Test Duration Phase I
Phese II

Test Environment (Vacuum)

T-111
Lithium

105 Kg/hr {236 1bs/hr)

3 m/sec (10 ft/sec)
1.5 m/sec {5 ft/sec)
3 m/sec (10 ft/seq)

3 m/sec (10 ft/sec)
3,5/10%i/m® (50 psia)
1040°C [1900°F)

Lo°c (70°F)

5 kw

2500 hours
5000 hours

1.3 x 10~ #/m? (1 x 107°
torr)

PRECEDING PAGE BLANK NOT FILMED
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TABLE 2

RESULTS OF CHEMICAL ANALYS1S OF T-111 SPECIMENS FROM 1-HOUR -
2400° F VACUUM ANNEAL OF THE 1040° ¢ (1900° F) LITHIUM LOOP
AT STELLITE

Chemical Analysis, ppm
Specimen c 0 N H
Unexposed ™’ 52 14 26 1

Annealcd (wrapped
in Ch=1Zr foil) 47 15 6 <1 |

Annealed (not
wrapped) 57 59 P < 1 1

(2} yey 04B-121-01, 0.040-inch-thick sheet,
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TABLE 3

LITHIUM ANALY3IS - 1040° ¢ (1900° F) LITHIUM LOOP

W

Concentrution, ppm

From snu(“) From Trunsfer(b) ()
: Receiver Bysten From Loop ¢
Oxygen 32,49 25 28
Nitrogen 3,4 2,2 2,3
Crrbon 88 86 76
Silver <5 <5 <35
Aluminum 25 5 5
Boron <75 <75 < 75
Barium <175 <75 < 30
Beryllium <8 <5 <35
Caleium 50 5 25
Columbium < 28 < 25 < 25
Cobalt <5 <5 <5
Chromium <5 <5 <5
Copper 5 B 5
Iron 8 <5 5
Magnesium 5 5 5
Manganage <5 <5 <5
Molybdenum <5 <85 <5
Sodium < 125 < 125 --
Nickel <58 <5 <85
Lead < 50 < 50 < 50
: Silicon 5 5 <5
. Tin < 25 < 28 < 25
= Strontium 25 <8 50
- Titanium < 23 < 25 < 28
- Vanadium < 25 < 25 < 2B
Zirconium < 28 < 28 < 25

Mﬂ

(a) Sample No. 2767 - Lithium from still receiver prior to
1040° ¢ (1900° F) loop fill.

(b) Sample No, 2776 = Lithium from 1800°F loop fill system
flush at 260° C (5000 F).

(¢) Sample No. 2777 - Lithium from 1800°F loop flush at
230° ¢ (450° F).
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TABLE 4
LITHIUM ANALYSI® = 1040° ¢ (1900° F) LITHILM LOOP

BT ke ST T = gy - vy

ey

Posttest
Pretest 2500 Hra
Oxygen 28 149
Nitrogen 2,3 118
Carbon 78 P9
Silver <) <5
Aluminum ] 25
Boron <75 < 75
Barium < 50 < 75
Beryllium <8 <8
Calcium 25 5
Columbium < 25 < 28
Cobalt <5 <5
Chromium <5 <5
Copper 5 <5
Iron 5 <8
Magnesium ] < 8
Manganese <5 < 5
Molybdenum <B < B
Sodium - < 75
Nickel <8 <b
Lead < B0 < 80
Silicon <8 5
Tin < 2B < 28
Strontium 5O 50
Titanium < 25 < 25
Vanadium = 25 < 2§
Zirconium < 28 < 28
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TABLE 3

LITHIUM ANALYSIS ~ 1040° C (1900° F) LITHIUM LOOP

—————— m—— vt n——
— s me—— ———r

Postiont Podiiostl
Protest 2000 Hrs 7000 Hin
Oxygen 28 148 LE)
Nitrogen 2, 3 118 w1
Carbon 76 o3¢ 57
Silver <5 <5 P
Aluminum B 28 5
Boron < 78 « 75 < 78
Barium « B0 - 78 < 78
Beryllium < B < B c B
Caleium 25 5 8
Columbium <« 28 < 26 « 25
Cobalt B -~ B - B
Chromium 5 <5 < b
Copper B « B < 5
Iron b < 8 8
Magnesium 5 « § < B
Manganese < b < B o B
Molybdenum - B 8 - B
Sodium m= o T8 < 2b6
Nickel < B < B - B
Lead < 80 « B0 ~ 80
8ilicon < B B D
Tin - 25 < 26 . 25
Strontium B0 50 ]
Titanium < 25 - 25 - 256
Vanadium - 25 « 20 » 2B

Zirconium - 25 « 25 ~ 20
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TARLE 6

WEIGHTS OF T=-111 «LAD UN FUEL ELEMENT SPECIMENS REFORE AND
AFTER EXPOSURE TO FLOWINC LITHIUM AT 1040° C (1900° F)

-

Specimen Weight, grams

Specimen No, Teat Hours Before Test After Test Change
LTl 2800 138,0875 135.9853 -0,0022
Lr-2 2800 135, 2583 138, 2824 -0.,0020
tr-2® 7800 138, 2883 138,2816 -0,0037
LT-3 2800 138.5708 138,5769 -0.0027
LT-8 5000 133, 8430 133,5427 ~0,0003
LT-8 5000 134.3446 134,3403" -0,0043

134,3313% -0,0133

a)

b)

c)

Specimen No, LT=2 was removed and weighed after 20600 hours of
testing and replaced in test section for the final 3000 hours of
1nop operation,

Tare weight; defect clad spoecimen posttest weight obtoined with
sample in sealed helium=filled tronsfer bottle.

Poattest weipht of defect cind specimen obtained ot NASA-lewis
Research Center following removal from transfer bottle.
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TABLE 7

Ii WEIGHTS OF Mo~TZ2M SPACERS LOCATED BETWEFN FUEL ELEMENT TEST
i SPECIMENS DURING 1040° € (19000 F) LITHIUM LOOP TEST

8pocimen Woight, grams _
Specimen No, Test Hours Befora Test Alter Test — Change

LT-1A 2600 8.7283 8,7289 + 0.0036
tr-1A» 7800 8,728 8,7323 « 0.0070
tr-2a 2800 8.6408 8.8446 + 0,0040
- LT-3A 8000 8.6177 8,6248 + 0,0088

8)
Spacer LT-1A was removed ami weighed after 2300 hours of testing
and replaced in test soction for the final 3000 hours of loop

operation,

|
T
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TABLE 8

CHEMICAL ANALYSES OF Mo-TZM SPACERS LOCATED RETWEEN FUEL ELEMENT
TEST SPECIMENS DURING 1040° ¢ (1900° F) PUMPED LITHIUM LOOP TEST

Chemical Analysis, Egm‘
o R N

Specinren No, Test Hours c
LT-1A 7500 213 17 < 1 14
LT=2A 2500 218 18 < 1 8
LT=3A 8000 211 é < 1 18
LT=-4A Untested 217 22 < 1 2

‘Average of Duplicate Determinations,

S S S VU
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Specimen No.

1A

24

JA

4A

5A

8A

TA

BA

A
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TABLE 11

RESULTS OF TENSILR SPECIMEN COUPON CHEMICAL ANALYSES FOR
10409 ¢ (19009 F) PUMPED LITHIUM LOOP

Chomical Analysos, ppn

Material g N 0
Pretent ~ Recryntallized
ASTAR 811C 232, &70 2, 3 2, 10
Avg. 261 3 g
ASTAR B11CN 182, 174 101, 113 87, 8l
AVE, 163 107 8%
W-Re=Mo Alloy 288 14, 16 <1, 3 6, 11
AVE, 16 3 9
Pretest Plua Anneal(“
ASTAR B11C 257, 262 7,9 13, 16
AvVEg, 280 8 13
ASTAR B11CN 170, 176 127, 132 34, 40
Avg. 173 130 40
wW-Re=Mo Alloy 288 18, 22 2, 3 14, 24
AVE. 21 a 19
posttast (?) - Expossd to Lithium at 1040° € (1900° F)
ASTAR B11C 287, 261 1, 12 10, 14
AVE. 289 12 12
ABTAR 811CN 144, 153 81, &3 19, 20
Avg, 148 B2 20
W-Re-Mo Alloy 266 28, 43 3, 4 31, 35
Avg. 38 4 33
posttest(P) - Exposed to 1079 Torr Vacuun at 1040° C (19009 F)
ASTAR BllC 277, 281 10, 11 23, 24
AvE. 279 11 24
ASTAR B11CN 149, 188 119, 124 31, 33
AV, 164 122 a2
¥=Re=Mo Alloy 286 18, 22 1, 1 19, 30
Avg. 21 1 26

=

<l,cl
<1
<l 1
<1
11

< 1,1
<1
<l 1
<1
e l,e ]
<1

¢ l,el
< 1
¢ 1,1
<1
< 1,21
<1

O S e e

() gymulated postweld anneal at 1 hour at 1M5° C (2400° F}.

(b Annealed 1 hour at 1315° € (2400° F) during postweld anneal of loop.
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TABLE 13

WEIGHTS OF CORROSION TEST BPECIMENS FROM ?30(-HOUR
10409 ¢ (1900° F) PUMPED LITHIUM LOOP

Specimen SHuleht , grame Woeight Change o
Identification Matorial Pretest  Posttoni K1 ame mg/em

Lithium Inlet 11A8 ASTAR BLICN 21,0764 24,0785 +0,0027 +1,¢
~ 1040° C (1800° F) 11A7 ASTAR B11CN 24,0868 24,0892 40,0027 w1, 2
11A8 ABTAR B11CN 23,0222 24,9243 +0,0021 +0,.86

11A5 ASTAR B11CN 24.0440 24,0458 +0,0018 +0,83

11A4 ASTAR B1llCN 23,8664 23.80688 +0,0024 +1,1
11A3 ASTAR B11CN 24,0501 24,0812 +0.0021 +0,086
11A2 ASTAR 811CN 24,0828 24,0843 +0.0016 +0,88
11A1 ASTAR 811CN 24,0602 21,0618 +0,0018 +0,73

10A ASTAR 811C 183,.0870 183,1257 +0,0387 +2,2
94 T=111 192,68500 192.8478 =0,0024 =0,13

11p8 ABSTAR B11CN 24,0178 24,0215 +0,0038 +1.8

1187 ASTAR B11CN 23,0941 23,0887 +0,0036 +1.8

1188 ASTAR S811CN 24.0181 24,0218 +0,0037 +1,7

11B8 ABTAR B11CN 24,0848 24,0882 +0,0036 +1.6

114 ASTAR 811CN 24,0878 24,0812 +0,0034 +1,68

Lithium Flow 1ip3 ASTAR Bl1CN 24,1080 24,1115 40,0035 +1,6
11B2 ASTAR B11CN 23,9448 23,84R"7 +0,0038 +1,.8

1181 ASTAR B1lICN 24,1180 24,1213 +0,0033 +1,56

10B ASTAR B11C 192,8348 102,8087 +0,0441 +2,5
8B T=111 191,5730 191,0682 =0,0048 =0, 28

11C8 ASTAR 811CN 23,9046 23,0987 +0,004] +1,9

11c? ASTAR 811CN 24,0842 24,0884 +0,0042 +1.9

11C8 ASTAR 811CN 23,b796 23,0827 +0,0031 wl,.4

11C8 ASTAR B11CN 24,0153 24,0188 +0,0033 +1,3

11C4 ASTAR B811CN 24,1138 24,1171 +0,00358 +1,8

11C3 ASTAR BLlICN 24,0268 24,0209 +0,0031 +1.4

11c2 ASTAR B11CN 24,0431 24,0482 +0,0031 +1.4

! 11C1 ASTAR B1lI1CN 23,9224 23,9258 +0,0034 +1,6
Lithium Exit 10C ASTAR Bl1C 194,0899 194,1337 +0,0438 +2,5

~ o o
1000° C (1830° ¥) oc T-111 193,2919 183, 2924 +0,0006 +0,03

* Only the ID purface which was in contaci with the high velocity lithium was uscd
in this calculation,
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TABLE 16

CHEMICAL ANALYSIS OF T=111 SPECIMENS BEFORE AND FOLLOWING
EXPOSURE TO LITHIUM(A) FOR 100 HOURS AT 1423° C (2600° F)

(b) Congcontration, ppm Woight Chpnuu
Specimon Description o N - C mg ™

‘f=111 Sheet, As roceived

Before Lithium Test: as,aa(°’ 16,15 1,1 110,122
(29) (5 (<l) {a3) -0,038
After Lithium Teati 18,11 37,44 1,1 168
(87)

T-11l Sheet, 3 Hours at
1750° ¢ (3180° F) in 10,000
psig Relium Plus 3 Hours at
14289 ¢ (26009 B) in

200 psig Helium

Before Lithium Test: 2877,2164 18,18 20,21

(2292) (98:)} ~0,24
After Lithium Teat: 24,24 75,89 2,2 183

(24) (20)

mw

(a) Container capsule: T=111, nitrogen concentration of lithium bhefore test: 12 ppm
(b) Sheet specimen thickness: 0,35 cm (0.015 in.)
(¢) Upper numbers: GE-SPPS analysis; lower number ( ): GE=NMPO analysia




' l
' ‘ |
- f |
|
]
]
1 61
i TARLYE 17
CHEMICAL ANALYHIS OF W=iofe=40Me (n/0) SHEET SPRCIMENS BEFOIE AND
3 FOLLOWING EXPOSURE TO L11ituM{Y) POR 100 HOURS AT 14257 ¢ (2600° )
i : ) Conconlration, ppm Woiglht Cgﬂngu
" Spucdmon Boserdiptiog U N 11 [N e e
b
F Powder Droduct Shcut(.
: Bufore Autoclaving: ¢) W)
2 Before Lithium Tost: 14,12 1,4 1,1 77,4
f After Lithiunm Test: 26,18 3,1 2,1 20 + U088
Powder Product Shoet,
After Avtocloaving:
: Bofore Lithium Tost: 18,9 2,1 1,2 16,148
ﬁr After Lithdum Tost: 46,17 6,1 4,1 24 4 0,07
; Arc Cast Sheet, Befouro
? Autocloving: .
3 Bofore Lithium Test: 59,11 5,2 4,1 96,19
; Aftor Lithium Test: 52,47 4,4 3,1 82 + 0, UH8
;. Arc Casti Shect, Alter
- Autocloavimg:
g Before Lithium Test: 30,26 6,3 2,2 63,11
i After Lithium Test: 43,26 2 2,1 82 + 010
9

T

(0} Containor capsule: T=111; nitrogen concentration of lithium before test - 12 ppm
' (b} Sheet gpecimen thickness: 0,010 lnches

{¢) Autoclaving trentment: 3 hours at 1750 ¢ (3180° F) in 10,000 psig helium

(4}  First number: GE-SPPS analysis; =ecotd humber: GE=NMPO analysis
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Figute 1. - Isometric drawing of 1040° C (1900° F) lithium loop.
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Figure 2, - Schematic diagram of 1040° C (1900° F) 1ithium loop, showing
design operating conditions.
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Flgure 12, = 1040 C (1900° F) lithium loop operating temperatures -
2500 hours.
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ID Surface
g Nickel FPlate [N
Unetched 1000X J86041C
;
oD Surface

Nickel Plate

Etched: 50% Murakami's 100X JB6041D

Figure 19. - Pretest micrustructure of Mo-T2M fuel element spacer
for 1040° C (1900° F) pumped lithium loop.




81

Etched: 50% Murakami's O00% J86021F

A B
.__..:f__;»f . n.;..‘.'__.._,. ,: ]
R

R L

Nickel Platc

Ftched: Murakami's 1008 JRE021D

Figure 20, = Mo~-TZM fuel element spacer after 2500 hours exposure
in the 1040° C (1900° F) pumped lithium loop.
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Figure 21. -~ Mo-TZM fuel element spacer after 5000 hours exposure in
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Nickel Plate

Etched: 50% Murakami's 1000% JB86O11E
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Figure 22, - Mo-TZM fuel element spacer after 7500 hours exposure
in the 1040° C (1900° F) pumped lithium loop.
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Figure 23. - Design of tensile test specimens machined from
sheet coupons exposed in 1040° C (1900° F) lithium loop.
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Figure 24. -~ Microstructures of ASTAR 811C allov tensile specimens.
No corresion was observed on the 1ithium cxposed specirens,
Etchant: 30 g N F - 50 ml HNOy = 20 m] M,
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Figure 25, - Microstructures of ASTAR 811CN alloy tensile specinens,
No corrosion was observed on the lithium exposed specimens.
Etchant: 130 g NigzF = 50 ml HNOq = 20 ml Ha0.
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Figure 26, - Microstructures of W=Re=Mo alloy 156 tensile specimens,
No corrosion wis observed on the Tithium exposed sproimens,
Etchant: 207 Murakamis,
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Figure 27. - Microstructures of ASTAR BllCN alloy tensile specimens
exhibiting longitudinal cracking from fracture surface. Specimens
exposed to lithium and vacuum for 5000 hours at 1040° ¢ (19009 F)
prior to tenrfile testing.

Etchant: 30 g NHAF, 50 ml HN03. 20 ml u.0,
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Figure 28, = Typlcal microstructures of T-111 atlouy

corrosiog spo.cimt!gn exposced te {Towinge Tithium in
the 10407 ¢ (19007 1) pumped Tithing toop for
7500 hours. 100X

Etchant: 130 g N[lal-‘, Nl Ht.‘il,s. 201 10,0,




SRS A A T T T e e e

AT AT

90

Specimen 118 J950518

Specimen 11¢ Jgsne1n

Figure 29. - Typlcal microstructures of ASTAR R11¢
alloy corrosion specimens exposed to flowing 1{thium

in the 1040° ¢ (1900° 1) pumped 1ithiut joop for
7500 hours,  100%

Etelant: 30 g NHAF, 50 ml HNUW, 20 m] B0,
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Figure 30. - vvpical microstructures of ASTAR BIICK
alloy currosiun specimens exposcd to TTowing Tithium
in the 10407 C (1')()(1t FY pumpea HHehiom Toop for
7500 bhouwrs, 100X
Etchant: 0 i NI ¥, 50 ml IR e YRR NN
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Figure 3L. - Microstructuie of T2l allov foe]l olement
housing tublng In tronsverse section iollowing ]
7500 hours esposure to flowing Lithiam in the 10407 ¢
(19000 FY pupped Pitlium test loop. O2H0N

Etchant: 20 ¢ NI!,il-', 50 m1 uno, 2o oml oo,
i 1 .
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Nickel plore

Lithium inlet K23031A

Figure 32. - Transverse microstructure of T=111
alloy corrosion specimen housing tubing follow-
ing 7500 hours exposure to egsentially stagnant
lithium in the 1040° ¢ (1900° F) pumped lithium
test loop. 250X

Etchant: 30 g NHAF. 50 ml HN03. 20 ml Hzo.



K23041E

R23041F

Figure 33. - Longitudinal microstructure of T-111
alloy corroslon specimen honsing tubing In replon
of Li=-Ar Interface following /500 hours exposure
to esgentially stagonant lithiuww in t1 - ao? ¢
(19000 F) pumped 1ithium test leop, 250X

Ftechantt 3 g NHAF, 50 ml UKo MEomlodL0,
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As polished

K23041C

Figure 34. - lLongitudinal section of T-111 alloy
corroaion specimen housing tubing in region of
Li~Ar interface following 7509 hours exposure to
essensially stagnant lithium in the 1040° ¢
(1900° F) pumped lithium lovop. 1000X
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West sanded and 1 hour
atlm:!'iumcm

Hand filled

Wet sanded
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imens. Al‘l’ three specimens were
¢ (1900° F) pumped lithium test

- T-111 fuel element housing ductility test spec
the fuel element specimen housing of the 1040

removed from

loop.

Figure 35.

(P71-9-1A)
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Figure 36, = Bend ductility specimen from corronion cpecimen housing.
Specimen prepared by wet polishing prior to bending. (=71 011
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Figure 38.
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{a) Before Exposure to Liihkium
Oxygen Conc. (avg,) = 2440ppm
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{b) Following Exposure to Lithium
Oxygen Conc,! 24ppm

Metallographic Appearance of Heat Treated T-111 Sheet
Specimena Before (a) and Following () Exposure to Lithium
for 100 Hours at 1425° € (2600° F),

Etchant: 30gNH4F-50m1INOg-20mlHo0 (a) 1'190313 (250X)
(h) F190413 (250X)
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(a) Before Exposure to Lithium
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{b) Following Exposure to Lithium

Figure 39, Motallographic Appearance ol Heat Treatoed W=30Re=30Mo (o o)
Powder Product Sheet Before (o) and Following Exposure
to tdthium for 100 Hours at 1425° ¢ (2600° F). The second
Phase in the Microstructures is sigma.

Etcehuant : 20% Murokamis
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(b) Following Exposure to Lithium

Figure 40, Motollographice Appearance of Heat Trented W-doRe-30Ma(a, o)
Are Coast Product Sheetl Before (“L and Fnl{Pwinn Exposure
to Lithium for 100 Hours at 1425 ¢ (26007 F). The Second
Phase in the Microstructures is sigma.

Etehant:  20% Murakowis
NASA-Lowis-Com"l




